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Summary 
Triacylglycerides (TAGs) are conventionally thought of as 
molecules involved in energy storage. Here, I describe the rarer role of 
TAGs as pheromones. Sex-specific TAGs are broadly conserved 
across the subgenus Drosophila, and not Sophophora, in at least 11 
species and represent a novel class of pheromones that has been 
largely overlooked. TAGs are produced and secreted exclusively by 
males from the ejaculatory bulb, transferred to females during mating. 
In Drosophila arizonae, the TAGs function synergistically amongst 
themselves, or together with another class of compounds, the long 
acetoxylated hydrocarbons (long OAcs) to inhibit courtship from other 
males. Using various mass spectrometry methods, the structures of the 
TAGs were shown to comprise of at least one short fatty acyl 
component (sometimes branched) and a long linear fatty acyl 
component, an unusual structural motif that has not been reported 
before in other natural products. Analyses also revealed a variety of up 
to four different isomers that make up TAGs of the same chemical 
formula. However, not all TAGs elicited courtship deterrence from 
males. These TAGs could have other functions that have not been 
explored, or are quiescent and could evolve functions in the future. 
Further structural analysis using Collision-induced dissociation (CID) 
followed by Ozone-induced dissociation (OzID) mass spectrometry 
confirmed the positional isomer and its double bond positions in the 
side chains of one of the major TAGs at m/z 503 [M+Na]+. Synthetic 
versions of the TAGs suppressed courtship. In addition, positional 
  vii 
isomers and their enantiomers that are not produced naturally by D. 
arizonae could also elicit courtship avoidance. Courtship suppression 
could be caused by detection of whole TAG molecules since specific 
enantiomers can elicit the avoidance response. However, sex-specific 
TAGs that have been hydrolysed into their fatty acid methyl ester 
constituents also caused courtship suppression. The results suggest 
that both mechanisms of detection could be present and probably 
exploited to reduce male-male competition. To examine environmental 
factors and molecular pathways contributing to sex-specific TAG 
synthesis, genes and dietary and microbial influence were explored. 
Sex-specific TAG production is largely influenced by gut bacteria. Gas-
chromatography mass spectrometry (GCMS) analysis of D. arizonae 
grown on germ-free conditions showed reduced amounts of cuticular 
hydrocarbons and sex-specific TAGs. RNASeq analysis comparing 8 
day old ejaculatory bulbs to 1 day old ejaculatory bulbs of D. arizonae 
and D. mojavensis revealed that there is a large overlap of highly 
upregulated genes that have functions associated with detoxification, 
immune response, hormone-binding, and lipid metabolism. The genes 
include a class of important detoxification enzymes that has been 
implicated in pheromone synthesis- the cytochrome P450s. Genes in 
these highly enriched clusters provide candidates for tracing and 
correlating gene expression across multiple species to understand the 
evolution of these unique TAGs. 
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Mass Spectrometry-related abbreviations 
 
λ Wavelength 
CID Collision-induced dissociation 
DART Direct analysis in real time 






MS Mass spectrometry 




OzID Ozone-induced dissociation 
UV-LDI Ultraviolet-laser desorption/ionization 
 
 
Chemicals and Reagents 
 
HCl Hydrogen chloride 
KOH Potassium hydroxide 
MSTFA N-methyl-N-
trimethylsilyltrifluoroacetamide 
PBS Phosphate buffered saline 
 
 
Units and Measurements 
 






















ppm Part(s) per million 
s Second(s) 
V Volt(s) 







EB Ejaculatory bulb 
et al. Et alia (and others) 
GF Germ-free 
ie. Id est (that is; in other words; that is to say) 
Long OAc Long acetoxylated hydrocarbon 
MRS Lactobacillus growth medium developed by de 
Man, Rogosa and Sharpe 
RNASeq RNA sequencing 
TAG Triacylglyceride 























Chapter 1- A novel class of pheromones, TAGs, is 





 In Drosophila, and most insects, communication is mainly 
mediated chemically through the use of pheromones. The word 
‘pheromone’ was first coined by Karlson and Lüscher in 1959, taken 
from the Greek words pherein (to transport) and hormone (to 
stimulate), and hence its meaning, a compound secreted by one to 
influence and stimulate another individual. Chemical communication 
significantly influences many complex social behaviors, including 
aggression, kin recognition and courtship (Wyatt 2003, Witzgall et al. 
2010). Since the discovery of Bombykol in 1959 (Butenandt et al. 
1959), insect pheromones have been intensely studied to understand 
their behavioural properties and relevance to reproductive isolation and 
speciation (Symonds and Elgar 2008, Witzgall et al. 2010).  
 
1.1.1.3 Drosophila pheromones 
 
 Previous studies of Sophophora and Drosophila flies identified 
alkanes, alkenes, and oxygen-modified hydrocarbons as the major 
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lipids used as pheromones (Jallon and David 1987, Greenspan and 
Ferveur 2000). In addition, key pheromones have been shown to have 
characteristic sex- and species-specific profiles, enabling the use of 
these chemical signatures as a means of species classification (Jallon 
and David 1987). These lipids are mainly produced by specialized 
epithelial cells called oenocytes on the abdomen and subsequently 
secreted onto the cuticle of the flies. In addition, males have a 
specialized accessory organ called the ejaculatory bulb which secretes 
male-specific compounds to the anogenital region and are transferred 
to females during mating. The cuticular hydrocarbons identified in 
drosophilids have mainly these functions- prevent desiccation, promote 
courtship from males, inhibit courtship from males, and attract females.  
 
 In this thesis, pheromones that attract and promote courtship from 
males will be termed aphrodisiacs, while courtship deterring 
pheromones will be termed anti-aphrodisiacs. To date, two main anti-
aphrodisiacs are known to be produced in the ejaculatory bulb of D. 
melanogaster: cis-vaccenyl acetate (cVA) and 3-acetoxy-11,19-
octacosadien-1-ol (CH503) (Brieger and Butterworth 1970, Yew et al. 
2009). These two compounds are oxygen-modified straight chain 
alkenes.  
1.1.1.4 Triacylglyerides (TAGs) as pheromones 
 Triacylglycerides (TAGs), a well-studied and ubiquitous lipid 
species found in many organisms, are normally thought to play a role in 
energy storage and are located in internal fat stores. Naturally-
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occurring TAGs found in plant oils and animal fat typically consist of 
linear fatty acyl moieties that have 16, 18, or 20 carbons. Recently, 
TAGs were observed on cuticles of male D. repleta and D. quinaria 
groups (Yew et al. 2011, Curtis et al. 2013) implicating that TAGs may 
be a class of pheromones that has been largely overlooked. These 
male-specific TAGs have been found to be secreted onto the 
anogenital regions in desert-adapted drosophilids, which suggests a 
plausible role similar to the ejaculatory bulb-secreted compounds cVA 
and CH503 in D. melanogaster- as anti-aphrodisiacs. Earlier studies 
hypothesized that insect TAGs could be used in sexual signalling (Yew 
et al. 2011, Kühbandner et al. 2012). However, there have been no 
direct studies on structures, and diversity of TAG pheromones in 
insects. In addition, it is not known whether TAGs are widely conserved 
within drosophilids,  
1.1.1.5 Why anti-aphrodisiacs evolve 
 In insects, most females mate multiple times and this behaviour 
causes males to develop traits that safeguard their interests in 
fertilizing most of the females’ eggs. In order to reduce the risk of 
sperm competition and the females’ remating, males can secrete 
mating plugs to prevent rival males from mating with the female, guard 
females by increasing copulatory period, secrete proteins to induce 
female rejection behaviour, and reduce female attractiveness by 
anointing them with anti-aphrodisiacs (Parker 1970). Counter 
adaptations to overcome these barriers evolve in females and rival 
males such as shorter latency to sperm dumping in females, and 
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decreased sensitivity to anti-aphrodisiacs (Snook and Hosken 2004, 
Ng et al. 2014). These sperm-guarding traits and counter tactics evolve 
rapidly between the two sexes. Hence, sexual conflict arises and has 
been suggested to be a key component to speciation (Pitnick et al. 
2003). Species that are polygamous exhibited higher speciation rates 
compared to monogamous species, suggesting the importance of 
sexual conflict to drive speciation (Arnqvist et al. 2000). 
 
1.1.2 Ecology of desert-adapted drosophilids 
1.1.2.1 Diet and habitat 
 In my research, I made use of the D. repleta subgroup species, 
mainly D. arizonae and D. mojavensis, to study the significance of sex-
specific TAGs. The two species, especially D. mojavensis, have been 
used extensively as models of incipient speciation, where populations 
of species start to diverge by adapting to different ecological niches 
(Etges et al. 2010). Drosophila mojavensis inhabits Baja California, 
Sonora deserts of Mexico, and Mojave deserts of California and 
Arizona, and subsist on a wide variety of cacti from agria (Stenocereus 
gummosus) in Baja California, organ pipe (S. thurberi) in Sonora and 
Arizona, to barrel (Ferocactus cylindraceus) and prickly pear (Opuntia) 
in the Mojave deserts. Drosophila arizonae, a closely related sibling 
species, live in sympatry with D. mojavensis. Their ranges largely 
overlap in Sonora Mexico to Arizona, specializing on columnar and 
Opuntia hosts (Figure 1.1.2) (Ruiz and Heed 1988, Ruiz et al. 1990). 
These species have only diverged from each other about 2 million 
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years ago (Reed et al. 2007) and because of their recent divergence, 
the two species still look fairly alike (Figure 1.1.1) and hybrid offspring 
can still be produced. Female D. mojavensis that has mated with D. 
arizonae males typically produce healthy offspring, but D. arizonae 
females that mate with D. mojavensis males produce sterile male 




Figure 1.1.1 Males of (A) D. arizonae and (B) D. mojavensis.  
The two species look fairly identical but can be distinguished by the 
pattern of markings on the lateral tergites. The pigmentation patterns 
are triangular in D. arizonae. Photo adapted from (Richmond et al. 
2012). 
 




Figure 1.1.2 Distribution of D. mojavensis and D. arizonae 
populations and their associated cacti hosts.  
Figure from (Jennings and Etges 2010). 
 
1.1.2.2 Cuticular lipids of D. arizonae and D. mojavensis 
 The cuticular hydrocarbons in D. arizonae and D. mojavensis 
comprise of mainly monoenes, dienes, trienes, tetraenes, and 
branched alkanes and alkenes (Stennett and Etges 1997, Yew et al. 
2011). Many of the alkenes are oxygen-modified alkenes. In addition, 
male-specific TAGs are observed (Yew et al. 2011). A comparison of 
the hydrocarbon profiles between the two species revealed that their 
cuticular hydrocarbons consist of mainly the same lipids. The 
distinguishing feature between the pheromone profiles of D. arizonae 
and D. mojavensis is the quantitative differences in hydrocarbons 
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particularly the male-specific TAGs and long acetoxylated 
hydrocarbons (long OAcs). Male D. arizonae tend to have relatively 
more sex-specific TAGs compared to the long OAcs, while D. 
mojavensis have more long OAcs compared to sex-specific TAGs. 
 
1.1.3 Aims and significance  
Past studies have shown the production of sex-specific TAGs in few 
species, and their functions or behavioural significance have remained 
elusive. In this chapter, I explored the cuticular lipid profiles of D. 
arizonae, D. mojavensis, and other species of the Drosophila and 
Sophophora subgenus using mass spectrometry. The results indicate 
the TAGs to be an overlooked class of cuticular lipids that is conserved 
in many Drosophila species. 
 
1.2 Materials and Methods 
1.2.1 Fly stocks and husbandry 
Drosophila arizonae, D. aldrichi, and D. navojoa in this study were wild-
caught from Las Bocas, Sonora, Mexico, in March 2009. Drosophila 
mojavensis were caught from Santa Catalina Island, California and D. 
wheeleri from Punta Onah, Sonora, Mexico in November 2007. These 
stocks were gifted from Prof. William Etges (University of Arkansas). 
Drosophila melanica and D. robusta were obtained from UC San Diego 
Drosophila Stock Center. Drosophila virilis, D. hydei, D.americana, D. 
buzzatii, and D. montana were obtained from Ehime-Fly Drosophila 
Stocks of Ehime University. Flies were reared on autoclaved yeast-
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sucrose-cornmeal-agar food or food supplemented with added banana 
(ca. 110 g/ 20 half-pint bottles) and cactus powder (ca 2.3 g/ 20 half-
pint bottles; Nopal cactus powder, Oro Verde, Mexico) in a 23.3°C 
room on a 12:12 hours light:dark cycle at 60% humidity level. Adult flies 
were transferred to fresh food contained in half pint bottles every 3-5 d 
for female oviposition. After pupal eclosion, all emerging adults were 
sexed under CO2 every 5 h during the day. Virgin females were 
grouped in groups of 20-30 individuals in a new food vial, while males 
were isolated individually to keep them socially naive. The flies were 




1.2.2 Mass spectrometry (MS): Ultraviolet- Laser Desorption 
Ionisation Mass Spectrometry (UV-LDI MS) 
UV-LDI MS analysis and the procedures for preparing the flies were 
described in detail previously (Yew et al., 2009; Yew et al., 2011). 
Measurements were performed on a QStar Elite (ABSciex) orthogonal 
time-of-flight mass spectrometer equipped with an intermediate 
pressure oMALDI2 source and a N2 laser (λ=337 nm, 40 Hz repetition 
rate, 200 µm beam diameter, pulse duration 3 ns). Ions are generated 
in a buffer gas environment using 2 mbar of N2. Individual flies were 
attached to a cover slip with adhesive tape and mounted onto a 
custom-built sample plate. During data acquisition, the anogenital 
region was irradiated for 30 s, corresponding to 1200 laser shots. Mass 
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accuracy for the mass spectrometer was approximately 20 ppm. 
Elemental composition assignment is based upon the elemental 
composition and number of double bonds predicted from exact mass 
measurements.





1.3.1 Cuticular hydrocarbon profiles of D. arizonae and D. 
mojavensis 
 In order to probe the cuticular hydrocarbon profiles of the 
drosophilids, UV-LDI MS was employed. The profiles of the dorsal 
abdomen and anogenital regions of both mature males and virgin 
females were examined in D. arizonae and D. mojavensis. The 
observed spectra were consistent with previously published data (Yew 
et al. 2011). The list of compounds observed from Yew et. al is shown 
in Appendix 6.1. Of note, 12 species of TAGs and 7 long acetoxylated 
hydrocarbons (long OAcs) are detected on males (Figure 1.3.1) in the 
anogenital region, suggesting that these compounds are exclusively 
produced by males, which could be transferred to females during 
mating via contact of their genitalia. In addition, the proportions of 
TAGs and long OAcs levels differ markedly between males of both 
species- the compound of highest abundance detected from the male 
anogenital region is a TAG with m/z 559.34 [M+K]+ in D. arizonae, 
whereas a long OAc with m/z 487.38 [M+K]+ is of highest abundance in 
D. mojavensis. These differences in the relative quantities of the lipids 
produce distinct, species-specific chemical signatures.  
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D. mojavensis anogenital region
 
Figure 1.3.1 UV-LDI MS allows spatially-resolved detection of high 
molecular weight lipids directly from intact insects, with minimal 
damage to the cuticle.  
Representative mass spectra from the anogenital region (inset) of (A) 
D. arizonae and (B) D. mojavensis males show signals corresponding 
to triacylglycerides (TAGs, red) and acetoxylated hydrocarbons (Long 
OAcs, blue). The TAGs and long OAcs are not found in the anogenital 
region of females of either species (C and D). The hydrocarbon C35:2 
(number of carbons: number of double bonds) is found on cuticles of 
males and females. Labelled signals correspond to potassiated 














1.3.2 TAGs and long OAcs are produced in mature ejaculatory 
bulbs 
 Expression of the TAGs and long OAcs is correlated with male 
sexual maturity. In D. arizonae younger than 4 days old, levels of the 
male-specific lipids are undetectable. Abundances of the compounds 
increase as males mature, with the highest expression from 8-15 days 
old (Figure 1.3.2A). Drosophlia mojavensis followed a similar 
maturation profile (Figure 1.3.2B), and the peak expression levels 
correlated with the age when males exhibit full courtship behaviours 
(Markow 1981). To determine the site of TAGs and long OAcs 
production, analysis of dissected male reproductive organs by UV-LDI 
MS was performed. Chemical profiles corresponding to these 
compounds were observed exclusively in the ejaculatory bulbs (Figure 
1.3.2C to F). The relative quantities were identical to those found from 
external anogenital measurements. In addition, no predicted precursors 
of these compounds such as diacylglycerol or glycerol-3-phosphate 
could be detected from the accessory glands or other organs that were 
connected to the ejaculatory bulb. These results indicate that the TAGs 
and long OAcs are produced exclusively in the ejaculatory bulb.  
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Figure 1.3.2 Pheromone profiles and age-related increase in sex-
specific TAGs and long OAcs. 
Relative intensities of TAGs and long OAcs on male (A) D. arizonae 
and (B) D. mojavensis. TAGs and long OAcs increase with age, with 
trace quantities first appearing at 4d old. The signal intensity for all 
detected TAGs or long OAcs was normalized to the signal intensity of 
C35:2. UV-LDI MS profiles from (C,E) dissected ejaculatory bulb (eb) 








1.3.3 Sex-specific TAG production is conserved across the 
Drosophila genus 
 TAGs have not been shown to be produced in a sex- or species-
specific in Drosophila or Sophophora, until recently (Yew et al. 2011, 
Curtis et al. 2013). Therefore, to understand how extensive and 
conserved is the sexually dimorphic production of TAGs, a broad 
survey of cuticular hydrocarbon profiles of flies from the Drosophila and 
Sophophora subgenera was performed. Chemical signatures 
consistent with TAG structures were found to be largely conserved 
across 3 different Drosophila groups: the repleta radiation (including D. 
hydei, D. navojoa, D. wheeleri, D. buzzatii and D. aldrichi), the virilis 
group (D. americana, D. virilis, D. montana), and within the robusta 
group (D.  robusta but not D. melanica) (Figure 1.3.3 and Figure 1.3.4). 
The TAGs were expressed only in the ejaculatory bulb of males. In 
contrast, sex-specific TAGs were not detected in any of the species 
tested from the Sophophora subgenus.  
 

































































































































































































































































































































































Figure 1.3.3 Representative UV-LDI spectra from distantly-related 
drosophilids in the Drosophila subgenus.  
Signals corresponding to sex-specific TAGs (in red) are identified 
based on exact mass measurements, predicted elemental composition, 
and number of double bonds. Labelled signals correspond to 




potassiated molecules [M+K]+. Unlabelled peaks correspond to 
sodiated molecules [M+Na]+. 
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Figure 1.3.4 Phylogenetic tree of representative species in 
Drosophila and Sophophora subgenus.   
Red branches indicate species that produce male-specific TAGs, while 
black branches indicate species that do not produce male-specific 
TAGs. *: Species that produce male-specific TAGs based on evidence 




Earlier studies of D. arizonae and D. mojavensis cuticular lipids 
using Gas Chromatography Mass Spectrometry (GCMS) found mostly 
linear and branched long-chain hydrocarbons, including dienes, 
trienes, and methyl-branched alkenes, 29-38 carbons in length 
(Toolson et al. 1990, Etges and Jackson 2001). TAGs were not 
previously observed likely due to analytical limitations - under standard 
GCMS conditions, heavier and more polar molecules such as TAGs 
are not detected. The discovery of sex-specific TAGs in many 
extensive species indicates that TAGs might be a class of pheromones 
that has been largely overlooked. 




The presence of TAGs in cuticular extracts is usually attributed 
to fat leaking from internal stores due to cuticular rupture. However, 
several indicators make it clear that sex-specific TAGs are 
exogenously secreted. First, signals for specialized TAGs were 
detected only from the ejaculatory bulb housed in the anogenital region 
of males but not virgin females, indicating a discrete, sexually-
dimorphic site of secretion. Second, elemental compositions of sex-
specific TAGs are distinct from conventional TAGs found in other 
Drosophila tissues (Carvalho et al. 2012, Guan et al. 2013). Last, short 
UV-LDI MS analysis times (below 30 sec, corresponding to 1200 laser 
shots) causes minimal perturbation of the cuticle; breakdown of the 
outer layers appear only after 2000 laser shots (Yew et al. 2011).  
UV-LDI MS provides a reliable method of uncovering previously 
undetected molecules that are more polar and contain oxygen. The 
method has also enabled the discovery of novel pheromone CH503 in 
D. melanogaster (Yew et al. 2009), indicating that previously analysed 












Chapter 2- Sex-specific TAGs produced consist of a wide variety of 
isomers 
 32 
CHAPTER 2- Sex-specific TAGs produced consist of a 
wide variety of isomers 
 
2.1 INTRODUCTION 
2.1.1 Pheromones in reproductive isolation and speciation 
  
 Sexual attraction in insects is influenced by a blend of 
pheromones that can specify species, sex, and receptivity. A change in 
the pheromone composition or structure, even a subtle one, can lead to 
reproductive isolation. Often, contrasting structures of pheromones can 
elicit very different behavioural consequences (Mori 2007, Mori 2014), 
stressing the importance of vigorous structural analysis. For example, 
the female gypsy moth, Lymantria dispar, employs (7R, 8S)-cis-7, 8-
epoxy-2-methyloctadecane, (+)-disparlure, as its pheromone to attract 
males (Vité et al. 1976), while its opposite (−)-enantiomer, (7S, 8R)-cis-
7,8-epoxy-2-methyloctadecane inhibits the action of (+)-isomer. Being 
able to determine and differentiate between chiral pheromones are 
crucial in understanding the relationship between pheromone structure, 
behaviour, and speciation. 
 
 The subtle changes in pheromone blend can arise from mutations 
in enzymes in the pheromone biosynthetic pathways, resulting in 
pheromones that slightly differ from existing ones. A famous example is 
that of the European corn borer moth, Ostrinia nubilalis. This species is 
divided into two populations that each produce majority of 11-
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tetradecenyl acetate in the (Z)- or (E)- configurations respectively, due 
to allelic variations in a fatty-acyl reductase gene (Lassance et al. 
2010). Females of each population are only attracted to males 
releasing the major pheromone from the same population. Finding 
candidate genes and the phylogenetic variations could allow us to gain 




2.1.2 Elucidating pheromone structures 
2.1.2.1 Defining structures 
 Standard TAGs contain three linear even-numbered carbon fatty 
acyl moieties (16, 18, or 20 carbons) linked to a glycerol backbone. 
However, TAGs can exist in many isomeric forms, molecules that 
share the same molecular formula but differ in three-dimensional 
space. Structural isomers can arise from different configurations of the 
same elements. In addition, stereoisomers can arise from a chiral 
carbon in the middle of the glycerol backbone. Some of the terms used 
in this study and the differences between types of isomers are shown 
Figure 2.1.1.  
 
 









( (R)/ (S) isomers)
cis/trans isomers, 
E/Z isomers
molecules with different 
configurations around a 
chiral center and are 
non-superimposable 
mirror images
molecules of same molecular formula 
bonded together in different sequence
molecules with functional groups 
positions changes on parent structure
molecules with different 
configurations at chiral center
but are not mirror images
molecules differing in relative orientations 
of functional groups around a double bond
same molecular formula 
and sequence of bonded atoms
 
 




2.1.3 Utilizing mass spectrometry 
2.1.3.1 Basic principle 
 Mass spectrometry is a useful method for the detection and 
elucidation of lipid pheromones. Unlike peptides and proteins, lipid 
structures are not encoded by a genetic template. Thus, mass 
spectrometry is essential for elucidating chemical composition of a lipid 
and its structural features such as functional groups and 
stereochemistry. The basic principle of mass spectrometry is shown in 
the diagram below. First, the sample is introduced as a crude extract or 
with initial separation. Then, ions are generated from the neutral 
molecules. Depending on the instrument, the ions can be generated by 
electron impact (like in a GCMS), high temperatures (in DART), and 
laser desorption (in UV-LDI). Electrical or magnetic fields then guide 
the ions into the analyser where they can be sorted according to their 
mass to charge (m/z) ratios. The ions can be sorted using electrical 
fields like in a quadrupole analyser, or using time it takes for the ions to 
Chapter 2- Sex-specific TAGs produced consist of a wide variety of 
isomers 
 35 
hit the detector based on molecule size and charge in a time-of-flight 
analyser. The ions finally arrive at the detector where the current is 
measured and converted to a m/z value. With an accurate m/z value, 
the different elemental compositions that can make up that mass can 










mass to charge ratio (m/z)
Mass Spectrum
 
Figure 2.1.2 Schematic of the basic principle of mass 
spectrometry. 
 
2.1.3.2 Gas chromatography mass spectrometry (GCMS) 
 Until recently, conventional analysis methods for detecting 
hydrocarbons have been using GCMS (Howard and Blomquist 2005). 
In the instrument, the sample is first separated based on retention in a 
column. The compounds then become ionized by electron impact 
where an electron hits a neutral molecule to produce a positively 
charged molecule or fragment. Based on the fragmentation pattern and 
retention time in the column, the identity of the molecule can be 
determined. A caveat of using this method is that whole fly washes 
have to be done to extract and solubilize all surface hydrocarbons. The 
procedure kills the flies and results in loss of spatial information. 
Additionally, under standard conditions, the instrument detects mostly  
non-polar compounds, potentially missing out on more polar and higher 
molecular weight molecules. However, various chemical derivatization 
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methods are often utilized prior to GCMS analysis which would allow 
for identification of normally polar molecules. For example, methanolic 
acid is often used to esterify free fatty acids into their fatty acid methyl 
esters which could then be detected. GCMS is also particularly useful 
for quantification where absolute abundances of compounds can be 
calculated by comparing with standard concentrations of the 
compounds of interest and spiking samples with an internal standard. 
 
2.1.3.3 Recent advances in mass spectrometry analysis of lipids 
 The discovery of novel cuticular hydrocarbons was made possible 
with advancements in analytical methods for lipid detection. For 
example, CH503, a polar compound previously undetected, was 
discovered with Ultraviolet-Laser Desorption/Ionization orthogonal 
time-of-flight Mass Spectrometry (UV-LDI MS) (Yew et al. 2009). A part 
of my research utilizes various mass spectrometry methods that 
complement each other to characterize cuticular lipid profiles and 
compound structures. The methods are described below.  
 
2.1.3.4 Ultraviolet-Laser Desorption/Ionization orthogonal time-of-
flight Mass Spectrometry (UV-LDI MS) 
 As described in the previous chapter, UV-LDI MS involves using a 
highly focused 200 µm diameter N2 laser in vacuum to probe the 
sample, giving real time rapid spatially resolved profiles (Yew et al. 
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2011). In this chapter, this method was utilized as well as other mass 
spectrometry methods. 
 
2.1.3.5 Direct Analysis in Real Time Mass Spectrometry (DART 
MS) 
 The DART uses a heated Helium stream to generate a plasma to 
desorb and ionize small molecules, sugars, and lipids directly from the 
sample surface (Cody et al. 2005). Whole insects can be placed in the 
stream to generate an overall chemical profile. Alternatively, a metal 
probe that has sampled parts of the insect could be used to generate 
spatially-specific profiles This last feature allows each insect to be 
repeatedly analyzed without lethality. 
 
2.1.3.6 Collision Induced Dissociation (CID) and Ozone-induced 
Dissociation mass spectrometry (OzID) 
 From the molecular formula acquired from the elemental 
composition calculator based on m/z, we cannot predict accurately the 
functional groups present, stereochemistry, or double bond positions. 
Further structural analysis would be needed. Often, the ion is selected 
after the first MS separation and subject to dissociation to further 
fragment the specific molecule and probe its structure. Each ion 
fragments in a specific and reproducible manner which can allow for 
finer structural elucidation. CID and OzID are two types of dissociation 
methods used to fragment mass-selected ions within the instrument 
Chapter 2- Sex-specific TAGs produced consist of a wide variety of 
isomers 
 38 
(Jennings 1968, Thomas et al. 2008). Conventional CID utilises neutral 
gas for collision and the resulting masses of the fragments produced 
can be used to predict the structure of the selected ion. Recently, the 
Blanksby group introduced OzID which uses ozone as the collision 
gas. The ozone reacts with double bonds within the molecule and gives 
signature fragments that could unambiguously assign double bond 
positions. OzID can also be used in tandem with CID which allows for 
further structural elucidation of an already fragmented ion (Poad et al. 
2010). 
 
2.1.4 Aims and significance 
Since minor structural differences in a pheromone can vastly affect 
behaviour, it is important to do vigorous structural analysis. In this 
chapter, I sought to elucidate the natural structures of the sex-specific 
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2.2 MATERIALS AND METHODS 
 
2.2.1 Synthetic sex-specific TAGs 
Synthesis procedures of TAGs differing in long fatty acyl component 
and the (R)- and (S)- enantiomers of each regioisomer were previously 
described (Mori, 2012 and 2014).  
 
2.2.2 Cuticular lipid extraction and thin layer chromatography 
purification 
Ejaculatory bulbs from approximately 500 mature males were 
dissected and soaked in hexane in a 1.8 mL glass vial with a Teflon-
lined cap (Wheaton, Millville, New Jersey, USA) for 20 minutes. The 
extract was placed in a clean glass vial, evaporated with N2, and stored 
at -20°C until analysis. To obtain individual fractions, extract was 
overlaid onto a 10x10 cm thin layer chromatography silica plate (Merck, 
Darmstadt, Germany) and developed with a solution of hexane/ diethyl 
ether/ acetic acid (90:9:1; per vol). Silica from fractions containing the 
male-specific TAGs and acetates were scraped into a disposable 
borosilicate glass Pasteur pipette (15 cm length) stuffed with glass 
wool fiber (Pall Corporation, Ann Arbor, Michigan, USA) and eluted 
with hexane. The contents were divided into 3 aliquots, evaporated 
under a gentle stream of N2, and kept at -20°C until analysis. 
 
To extract cuticular hydrocarbons from flies for GCMS analysis, three 
replicates of 10 flies from each sex are soaked in 120 µL of hexane 
spiked with 10 µg/mL of hexacosane (Sigma-Aldrich) in a 1.8 mL glass 
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vial and incubated at room temperature for 20 min. 100 µL of the 
solvent was then transferred into a new vial and evaporated under a 
gentle stream of N2. Extracts were stored at –20 °C until GCMS 
analysis. In experiments that require analysis of TAG content in 
ejaculatory bulb, up to seven replicates of one bulb each was soaked in 
the hexacosane-spiked hexane.  
 
2.2.3 Direct tissue thin layer chromatography of individual 
ejaculatory bulbs 
Individual ejaculatory bulbs were dissected from 9 day old D. arizonae 
males raised on either standard yeast-sucrose-cornmeal-agar food for 
two generations or cactus and banana-supplemented fly food. Each 
bulb was placed in its own lane on a 10x10 cm thin layer 
chromatography silica plate (Merck, Darmstadt, Germany). To release 
the contents and ensure complete elution, each bulb was first gently 
punctured then overlaid 10 times with 0.5 µL of hexane, allowing the 
solvent to fully evaporate between each solvent application. The plate 
was run in a solution of hexane/ diethyl ether/ acetic acid (90:9:1; per 
vol), developed with primuline (0.1% in 20% acetone), and imaged with 
the Gel Doc XR system (Bio-Rad Laboratories, Inc., USA) using 
Quantity One software (v 4.5.2, Bio-Rad Laboratories, Inc., USA). 
Intensities of the bands in the image were processed and analyzed 
using ImageJ (v 1.43, NIH, USA) to produce a plot of peaks according 
to brightness of the bands. Intensity values of the fractions were 
normalized to the intensity of the control band at the origin. 
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2.2.4 Transesterification of TAGs and short chain fatty acid 
standards 
200 µL of methanolic HCl (Supelco Analytical, Sigma-Aldrich Co.) was 
added to dried, crude whole fly extract from about 500 flies and 
incubated for 1.5 to 2 h at 60 °C with occasional vortexing. After the 
acid-based catalysis, the reaction was cooled on ice, followed by the 
addition of 50 µL of water and 50 µL of hexane and brief vortexing. The 
hexane layer (which contains the fatty acid methyl esters) was 
removed for GCMS analysis. Concurrently, synthetic standards 
containing 5 carbons (tiglic acid, trans-2- pentenoic acid, trans-3- 
pentenoic acid, and 3- methyl crotonic acid (TCI Chemicals Co.) were 
treated with the same reactions. Methyl angelate (TCI Chemicals Co.) 
was not treated. The same treatment was done for transesterification of 
extract from the ejaculatory bulb. 
 
2.2.5 Chemical derivatization of long OAc fraction 
The long OAc fraction obtained from TLC was derivatized with 200 µL 
of 0.2M KOH in 80% isopropanol for 2 h at 60 °C. After incubation, 50 
µL of 1M HCl was added and evaporated under a gentle stream of N2. 
200 µL of hexane was added prior to analysis by DART MS. 
Silylation was then performed on an aliquot of the above product with 
50µL N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) for 10 min at 
60 °C. The trimethylsilylated products were then analysed by DART 
MS. 
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2.2.6 Mass spectrometry (MS) 
2.2.6.1 Gas Chromatography Mass Spectrometry (GCMS) 
Extracts were re-dissolved in 60 µL of hexane and transferred into 
GCMS vials (Supelco). Analysis was run using a 5% phenyl-
methylpolysiloxane (DB-5, 30m length, 0.32 i.d., 0.25µm film thickness, 
Agilent) column and GCMS QP2010 system (Shimadzu) with an initial 
column temperature of 50°C for 2 min and increment to 300°C at a rate 
of 15°C/min in splitless mode.  
 
2.2.6.2 Direct Analysis in Real Time Mass Spectrometry (DART 
MS) 
Analysis was performed with the AccuTOF-DART (JEOL USA, Inc.) 
using the following positive ion source settings: the gas heater was set 
to 200 °C; the glow discharge needle was set at 3.5 kV. Electrode 1 
was set to +150 V and electrode 2 was set to +250 V. Helium gas flow 
was set to 2.5 L/min. Mass spectra were acquired at a range of 60 to 
1000 mass to charge ratio (m/z) with mass accuracy of +/- 2.5mDa. 
Under these conditions, TAGs were detected as [M+NH4]+ molecules 
and long OAc were detected as [M+H]+ molecules. Clean borosilicate 
glass capillaries (World Precision Instruments) were used for sampling 
solutions. The capillary was placed in the DART stream for 5 s. 
Polyethylene glycol (Sigma-Aldrich) was used as calibrant. Analysis 
was done with MassCenter (version 1.3.0.1) (JEOL) program.  
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2.2.6.3 Ultraviolet- Laser Desorption Ionisation Mass Spectrometry 
(UV-LDI MS) 
UV-LDI MS analysis and the procedures for preparing the flies were 
described in detail previously (Yew et al., 2009; Yew et al., 2011), and 
in Chapter 1.  
 
2.2.6.4 Analysis of TLC fractions and dissected tissues by Fly-
assisted Laser Desorption Ionization Mass Spectrometry (FALDI 
MS) 
Fly wings were detached and washed in a solution of 
chloroform/methanol (2:1, v/v) to ensure existing cuticular 
hydrocarbons were completely removed. The wings were then 
attached onto a MS customized sample plate with double-sided tape. 
The fraction-containing vials were re-dissolved with 20 µL of hexane 
each and 2 µL from each vial was pipetted onto different wings. The 
sample plate was placed into the UV-LDI MS instrument and the 
fractions analyzed using the same parameters for UV-LDI MS analyses 
of intact flies. For more details see Yew et al., 2011. 
 
2.2.6.5 Low energy collision induced dissociation (CID) tandem 
MS 
CID spectra were acquired on a linear ion trap mass spectrometer 
(Thermo Fisher Scientific LTQ, San Jose, CA) that has been modified to 
allow ozone-induced dissociation (OzID) experiments (Thomas et al., 
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2008; Brown et al., 2011). Methanolic solutions of lipid samples (ca. 10 
µM) in the presence of either sodium or lithium acetate (ca. 10 mM) were 
infused into the electrospray ionization source of instrument with a flow 
rate of 5 µL/min; a spray voltage of 5 kV; a capillary voltage of 21 V; a 
tube lens voltage 125 V; and the temperature of the heated transfer-
capillary was set to 275 oC. To acquire CID spectra of triacylglycerol alkali 
metal adduct ions, the [M+Na]+ or [M+Li]+ were isolated with an isolation 
width of 1-2 Da and a normalized collision energy of 32-35% was applied.  
 
2.2.6.6 Ozone-induced dissociation (OzID) MS 
Individual TAG species generated by electrospray ionization of the 
extract were mass-selected within an ion trap mass spectrometer 
where they were exposed to ozone vapour. The resulting gas-phase 
ion-molecule reaction facilitates targeted oxidative dissociation of 
carbon-carbon double bonds present in the acyl chains. Fragmentation 
of the ozonide leads to formation of characteristic aldehyhde and 
Criegee ions with a mass indicative of the positions of each double 
bond. To determine the carbon-carbon double bond positions within 
TAGs, alkali metal adduct ions were mass-selected within the modified 
linear ion trap mass spectrometer (see above) and allowed to react with 
ozone seeded in the helium buffer gas (Thomas et al., 2008). To acquire 
OzID spectra, ions were isolated in the absence of collision energy and 
the reaction time (set by adjusting the activation time parameter within 
the XCalibr instrument control software) was typically 5-10 s per scan. 
OzID spectra reported here correspond to the average of at least 50 
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scans.  Reaction of ozone with carbon-carbon double bonds in the TAG 
acyl chains produces fragment ions that identify their position within the 
chain. Location of each double bond is indicated by the traditional 
nomenclature “n-x“ where “n“ refers to the number of carbon atoms in 
the chain and subtracting “x“ provides the location of the double bond 
(i.e., “x“ represents the position of the double bond with respect to the 
methyl terminus). 





2.3.1 Structural elucidation of TAG structures 
2.3.1.1 Sex-specific TAGs are detected at different m/z in different 
mass spectrometry (MS) instruments due to preferential 
interaction with various metal adducts  
 Structural characterization of sex-specific lipids was performed 
using GCMS analysis and tandem mass spectrometry, including both 
traditional collision-induced dissociation (CID) and a novel ozone-
induced dissociation (OzID) approach. Each method identifies the 
same species of TAG with a different m/z because different metal 
adduct ions are preferentially detected depending on the ion source. 
For example, molecules are observed with lithium or sodium adducts in 
CID and OzID MS, while UV-LDI MS shows potassium adducts. A list 
of the TAGs and their corresponding m/z with the different adducts are 
shown in Table 2.3.1 for clarification on the parent ion m/z. 
 
































2.3.1.2 Separation and chemical derivatization of sex-specific 
TAGs 
 An indication of the overall structural makeup of the TAGs can be 
determined by chemical derivatization. The TAG- containing fraction 
was first purified from an ejaculatory bulb extract separated by thin-
layer chromatography (TLC). Varying the TLC buffer conditions can 
separate mixtures of extracts into different fractions according to their 
chemical properties (Figure 2.3.1A shows TLC separation and MS 
analysis of individual fractions). The purified fraction was then 
subjected to transesterification with methanolic-HCl. The process 
hydrolyses the carbonyl bonds on the TAGs to produce the methyl 
ester derivatives of the fatty acyl side chains. Analysis by GCMS of the 
derivatized TAG products showed that tiglic acid, a 5 carbon branched 
unsaturated acid, is one of the short chain fatty acyl moieties (Figure 
2.3.1B). Both the retention time and electron ionization spectrum of the 
transesterified product matched that of synthetic methyl tiglate. No 
other 5-carbon fatty acid methyl esters were detected. A series of 
esters corresponding to derivatized fatty acyl components 16-18 
carbons in length were also observed from GCMS analysis (not 
shown). This data suggests that a large proportion of TAGs contain the 
tiglic acyl moiety.  






Figure 2.3.1 Analysis of thin layer chromatography (TLC) fractions 
and chemical derivatization of long OAc fraction.  
(A) TLC separation of D. arizonae male cuticular lipid extract. Direct 
analysis of contents using Fly-assisted laser desorption/ionization 
(FALDI) MS reveal signals corresponding to male-specific TAGs, long 
OAcs, conventional TAGs (from internal fat stores) and cuticular 
hydrocarbons.  
(B) Structural elucidation of sex-specific TAGs using GCMS. GCMS 
analysis of the male-specific TAG fraction following trans-esterification 
confirms that tiglic acid is one of the fatty acyl components. The 
retention time (at 2.98 min) and the electron ionization (EI) spectrum of 
synthetic methyl tiglate are identical to analysis of a TAG fraction 




Chapter 2- Sex-specific TAGs produced consist of a wide variety of 
isomers 
 49 
2.3.1.3 CID MS reveal fatty acyl moieties in sex-specific TAGs 
 TAGs of the same elemental composition with different 
combinations of fatty acyl side chains can have the same mass. To 
characterize the combinations of fatty acyl components of individual 
TAG species, tandem MS with low energy CID was used to analyze the 
more abundant TAGs from crude extract. An ion is selected based on 
m/z from the complex mixture and subjected to CID, which breaks the 
selected molecules into individual fatty acyl components. CID of each 
of the more abundant TAGs revealed the same motif consistently: a 
single long chain fatty acyl component 16-18 carbons in length together 
with 2 short chain fatty acyl side chains, each 2-5 carbons in length 
(Figure 2.3.2 and 2.3.3). For several of the more abundant TAG 
molecules, the position of the acyl chains on the glycerol backbone 
could be deduced based on the relative abundance of the product ions 
in the CID spectra. Sn- positions of fatty acyl components on the TAG 
are described as sn-1/sn-2/sn-3; for example, 18:1/5:1/2:0 is the TAG 
regioisomer where C18:1 is at sn-1, C5:1 is at sn-2, and C2:0 is at sn-
3. As described by (Hsu and Turk 1999, Hsu and Turk 2010), 
fragments reflecting loss of substituent at the sn-2 carbon (middle of 
the glycerol backbone) are less abundant than ions reflecting losses at 
either the sn-1 or sn-3 carbons. Based on this observation, long chain 
fatty acids are predominantly located at either sn-1 or sn-3 for the 
major TAGs at m/z [M+Na]+ 543 and 541 (Figure 2.3.2 and 2.3.3) and 
[M+Li]+ 499, 501, and 527 (Figure 2.3.3). TAG m/z [M+Li]+ 487 have 
very low abundances of fragments corresponding to losses of C18:1 
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and C16:1 which would imply that the long chain is on sn-2. Comparing 
the spectra of the natural TAGs to synthesized standards is required 


















































































Figure 2.3.2 Structural elucidation of sex-specific TAGs. 
The low energy CID mass spectrum of a TAG-related signal from crude 
D. arizonae extract ([M+Na]+ 543) shows fragments corresponding to 
losses of a 5 carbon fatty acid with a single double bond (C5:1) and an 
18 carbon fatty acid with a single double bond (C18:1). Both sodiated 
(major peak) and protonated chain side losses are observed. The 
schematic rationalizes the product ions formed during CID of mass-
selected [M+Na]+ of unsaturated lipids. 
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C5:1 loss
C18:1, C16:1 losses 
and other fragments





























































































































































































Figure 2.3.3 Structural elucidation of TAGs by CID MS reveals 
fatty acid components with 2, 3, 5, 16, or 18 carbons in length and 
0-2 double bonds.  
For more abundant TAG molecules, the fatty acid substituent positions 
on the glycerol backbone are assigned based on the relative 
abundances of the product ions in the CID spectra, as described by 
Hsu and Turk (1999 and 2010). For minor TAG components, only the 
composite fatty acid side chains are indicated. Substituent positions 
are ambiguous due to low signal intensity.  
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2.3.1.4 OzID MS revealed double bond positions on fatty acyl side 
chain 
 To determine the double bond positions within each fatty acyl 
group, in collaboration with Prof. Stephen Blanksby’s group, we used 
ozone-induced dissociation (OzID) mass spectrometry (Thomas et al. 
2006, Thomas et al. 2008). Individual TAG species ions generated by 
electrospray ionization of the extract are mass-selected within an ion 
trap mass spectrometer where they are exposed to ozone vapour. The 
resulting gas-phase ion-molecule reaction facilitates targeted oxidative 
dissociation of carbon-carbon double bonds present in the acyl chains. 
Fragmentation of the ozonide leads to formation of characteristic 
aldehyhde and Criegee ions with a mass indicative of the positions of 
each double bond (Figure 2.3.4 shows an example of the OzID 
fragmentation products of a TAG at m/z 543 [M+Na]+).  
 
 OzID analysis revealed numerous stereoisomers, with double 
bond positions between C9-C10 (n-9) and C11-C12 (n-7), indicating 
palmitoleic and oleic acyl side chains (Figure 2.3.4 and 2.3.5) and 
between C2-C3 (n-2) (consistent with tiglic acid).  






























































































































Criegee ion - NOT observed
(or rearrangement product)


















Figure 2.3.4 OzID spectrum and schematic of products formed 
from TAG m/z 543 [M+Na]+.  
OzID of the TAG indicates isomers with variant double bond positions. 
The fragments at m/z 461 and m/z 433 are aldehyde products 
consistent with double bonds (db) at positions n-7 and n-9, 
respectively. The fragment at m/z 531 confirms the n-2 double bond 
position found in the tiglic acyl component. The corresponding Criegee 
product ions (m/z 477 and m/z 449, respectively) are also observed. 
The schematic rationalizes the product ions formed during OzID of 
mass-selected [M+Na]+ of unsaturated lipids. Product ions are 
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Figure 2.3.5 Analysis of TAGs by OzID reveals double bond 
positions of acyl side chains.  
Fragments resulting from OzID analysis are aldehyde products with 
m/z consistent with double bonds at positions n-2, n-7, and n-9 for fatty 
acyl monoene constituents, and at both n-6 and n-9 for a fatty acyl 
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diene. n indicates the position of the terminal methyl group. The 
corresponding Criegee product ions (difference of m/z 16) were also 
found in each spectrum. While the CID spectrum for the TAG species 
at [M+Li]+ 499 indicated a C18:2 fatty acyl component, the intensity of 
this signal was too low to allow for double bond placement by OzID. 
Red lines indicate putative cleavage points.  
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2.3.1.5 MS comparison of natural sex-specific TAGs to synthetic 
TAGs confirmed structural constituents and double bond 
positions 
Based on these analyses, four of the postulated TAGs along 
with a TAG containing C18:0 were synthesized as racemic mixtures 
((Mori 2012); Table 2.3.2). For simplicity, the synthetic TAGs have 
been named TAG1 to TAG5. Spectra from OzID analysis of TAG 
standards TAG4 and TAG5 support the double bond position 
assignments at n-9 and n-6, respectively (Figure 2.3.6). Double-bond 
geometry could also be deduced for two of the more abundant TAGs. 
cis- and trans-alkenes exhibit differential reactivity to ozone, resulting in 
differences in the overall abundances of the fragment ions and the 
relative abundance of the Criegee and aldehyde product ions (Poad et 
al. 2010). The relative abundance of the aldehyde and Criegee ions for 
the molecules at [M+Na]+ 543 and 541 are consistent with those of 
TAG4 and TAG5, both of which contain cis- double bonds (Figure 
2.3.6). 
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Table 2.3.2 Synthetic TAGs used in this study that vary in the long 
chain fatty acid. 
TAG Calculated 
[M + K]+ Fatty acyl components*
† Long chain fatty acid 
TAG1 533.32 C16:0/C5:1/C5:1 Palmitic acid 
TAG2 561.36 C18:0/C5:1/C5:1 Stearic acid 
TAG3 531.31 C16:1 (n-7)/C5:1/C5:1 Palmitoleic acid 
TAG4 559.34 C18:1 (n-9)/C5:1/C5:1 Oleic acid 
TAG5 557.32 C18:2 (n-6)/C5:1/C5:1 Linoleic acid 
*Synthesized as racemic mixtures unless otherwise noted. 
†Notation indicates number of carbons followed by number of double 
bonds for each fatty acyl component in order of sn- positions (ie. sn-
1/sn-2/sn-3); double bond position indicated in brackets. 
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Figure 2.3.6 Comparison of spectra obtained from CID MS and 
OzID analyses of synthetic and natural TAGs.  
Spectra of TAGs comprised of a (A) linoleic acid (cis, cis-9,12-
Octadecadienoic acid) or (B) oleic acid (cis-9-Octadecenoic acid), and 
tiglic acid side chains are consistent with analysis of a TAG molecule 
with identical m/z found from crude extract. The relative abundance of 
fragment ions resulting from fatty acyl side chain loss is consistent 
between natural and synthetic products and supports the backbone 
substituent positions. Following OzID analysis, the overall and relative 
abundance of aldehyde and Criegee ions to each other are similar 
between natural and synthetic products, indicating cis-double bond 
geometry.  Difference in parent ion intensity between synthetic and 
natural products is likely due to isobaric interference from other minor 
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2.3.1.6 MS analysis revealed significant combinatorial complexity 
in TAG structures 
 In summary, MS analysis revealed considerable variation in the 
carbon chain length, degree of unsaturation and double bond positions 
of both the short chain and long chain fatty acyl components (Figure 
2.3.7). All of the analyzed TAGs contained at least one tiglic acyl 
moiety. The unusual combination of short odd-branched chain fatty 
acids with a single linear long chain component has not been reported 
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Figure 2.3.7 CID and OzID MS analyses of the most abundant sex-
specific TAGs reveal significant combinatorial complexity.  
A generic TAG molecule consisting of a glycerol backbone and 3 fatty 
acyl (FA) side chains, R1, R2, and R3, is shown. Each TAG species is 
comprised of 2 short chain and 1 long chain fatty acyl component. The 
glycerol backbone positions for several TAGs are assigned based on 
comparison with synthetic standards and ion product abundance 
patterns (red boxes). Ambiguous backbone positions are in yellow.  
Chapter 2- Sex-specific TAGs produced consist of a wide variety of 
isomers 
 60 
2.3.2 Elucidation of isomeric configuration of sex-specific TAG at 
m/z 519.31 [M+K]+ 
2.3.2.1 The possible positional configurations and their resulting 
products from CID MS 
 As previously mentioned in the introduction, a TAG molecule is a 
large compound with a variety of complexity in the structure that can 
arise from different parts of the molecule, like the positional distribution 
of the fatty acyl moieties, stereochemistry of the double bonds, and the 
chiral carbons.  
 
 Further structural assessment was done on the more abundant 
TAG at m/z 519.31 [M+K]+ (also m/z 503 [M+Na]+ or m/z 487 [M+Li]+ 
depending on metal ion adduct) that was initially predicted to have the 
structure consisting of the long chain fatty acid C18:1 in the sn-2 
position. The regioisomers and their (R) and (S) enantiomers were 
synthesized ((Mori 2014); Table 2.3.3) and subject to CID MS, OzID 
MS, and CID/OzID MS, together with D. arizonae ejaculatory bulb 
extract. Lipids fragment in distinctive and reproducible patterns based 
on their structures. Therefore, comparing the fragmentation behaviours 
of the isomers with the extract will provide better proof of the structure 
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Table 2.3.3 Synthesized regioisomers of TAG at m/z 519.31 [M+K]+. 
TAG Fatty acyl components*† 
TAG6a C18:1 (n-9)/C5:1/C2:0 
TAG6b C5:1/C18:1 (n-9)/C2:0 
TAG6c C18:1 (n-9)/C2:0/C5:1 
* Each regioisomer was synthesized as individual (R) and (S) isomers. 
†Notation indicates number of carbons followed by number of double 
bonds for each fatty acyl component in order of sn- positions (ie. sn-





 First, CID MS was used. Schemes of how the major ions in the 
spectra could be generated are shown in Figure 2.3.8.  







Figure 2.3.8 Schematic of predicted CID MS product ions from 
TAG at m/z 503 [M+Na]+.  
Products formed from possible C2:0 group ejection by (A) the long 
chain C18:1, and (B) tiglyl acyl group C5:1. The C5:1 group can also 
be ejected by (C) the C2:0 group, or (D) the C18:1 group. m/z 381 can 
be formed from allylic rearrangement of m/z 403. Product ions formed 
when C18:1 group is ejected by (E) C2:0, and (F) C5:1. The terminal 
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2.3.2.2 CID MS spectra of natural and synthetic TAGs differ 
 The mass spectra acquired from analysis of extract shared 
similarities with spectra from synthetic standards. The peak at m/z 421 
was the most abundant in all spectra (Figure 2.3.9). However, the 
ratios of peak abundances between the major ions were different. The 
ratio between m/z 421 and m/z 443 was 1:5 in extract, 1:4 for TAG6b 
isomers, 1:20 for TAG6a isomers, and 1:10 for TAG6c isomers. Ratio 
between m/z 381 and m/z 403 was 1:3 for extract, 1:1 for TAG6b 
isomers, 1:4 for TAG6a isomers, and 1:2 for TAG6c isomers. 
Furthermore, intriguing new peaks were present in the extract 
spectrum – for instance, the pairs of peaks at m/z 227 and 249, and 
m/z 393 and 415 (asterisks in last panel of Figure 2.3.9). A difference 
of 28 Da between the first pair of peaks and that of the C18:1 fragment 
loss suggests that the first pair of peaks could arise from a C16:1 
fragment. The difference of 60 Da between acetic acid and butanoic 
acid suggests that the pair at m/z 393 and 415 corresponds to a C4:0 
fragment. This result suggests the presence of another TAG isomer 
containing C16:1, C4:0, and C5:1, which adds complexity into the 
spectrum and makes it difficult to resolve structure. Based on the CID 
spectra, there is no clear resolution to the regiostructure of the natural 
TAG. In addition, the CID spectra between enantiomers do not differ, 
making assignment of chirality difficult.  
Chapter 2- Sex-specific TAGs produced consist of a wide variety of 
isomers 
 64 




































































































































Figure 2.3.9 Comparison of CID spectra from TAG regioisomers 
and TAG m/z 503 [M+Na]+ D. arizonae ejaculatory bulb extract. 
Similar peaks from synthetic standards are observed in the extract. In 
addition, two new pairs of peaks are observed (in asterisks) suggesting 
the presence of another TAG isomer consisting of C16:1, C4:0, and 
C5:1. Representative spectra from either (R) or (S) enantiomers are 
shown since both enantiomers show identical spectra. 
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2.3.2.3 OzID MS revealed double bond positions at n-7 or n-9 of 
the long chain fatty acyl constituent 
 Next, OzID was utilized to confirm the double bond position 
assignments. The schematic of aldehyde and Criegee ions formed 
from the double bonds in the TAG regioisomer standards are shown in 
Figure 2.3.10. The pair of peaks at m/z 393 and 409 in the standards 
and extract spectra corresponds to the aldehyde and Criegee ion pair 
produced from ozonolysis at n-9 position of the long fatty acyl 
component (Figure 2.3.11). m/z 491 was also seen in all the spectra, 
which represents the n-2 double bond found in 5:1. Additionally, a pair 
of peaks at m/z 421 and 437 was present, suggesting an additional 
isomeric form with n-7 double bond. This n-7 double bond position 
could have arisen from the TAG isomer containing C16:1, C4:0, and 
C5:1, or another isomer of TAG6c. From the OzID result, the major 
TAG component was predicted to contain a double bond at n-9. 
Abundance of the n-7 fragment product was lower, indicating the 
isomeric form as a minority component.  The minority TAGs could 
consist of C18:1 with n-7 double bond, or C16:1 with either n-7 or n-9 
double bond. 






Figure 2.3.10 Schematic of OzID MS products formed from the 
double bonds in TAG regioisomers.  
(A) Product ions from ozonolysis fragmentation at n-9 of the oleyl acyl 
component. (B) The predicted ions from fragmentation at n-2 of tiglyl 
acyl component. 








































































































































Figure 2.3.11 OzID MS spectra of TAG regioisomers and TAG m/z 
503 [M+Na]+ from D. arizonae ejaculatory bulb extract.  
Peak signals corresponding to n-9 double bond and n-2 double bond in 
olelyl and tiglyl acyl components, respectively, are observed. A pair of 
peaks at m/z 421 and 437 are observed in the extract, corresponding 
to n-7 double bond in either C18:1 or C16:1. 
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2.3.2.4 A method combining CID and OzID MS confirmed the 
positional isomer to be TAG 18:1/2:0/5:1 
 A method combining CID and OzID was developed recently by 
the Blanksby group and was used to more accurately probe the 
stereostructure of molecules (Poad et al. 2010). We used this method 
to isolate specifically the ion fragment (m/z 443 [M+Na]+) that has 
arisen from CID of the original TAG of m/z 503 [M+Na]+and subject the 
ion fragment to OzID. 
 
 Two structures of m/z 443 could have arisen from CID MS, 
depending on which part of the molecule ejects the C2:0 fragment as 
shown before in Figure 2.3.8. The corresponding OzID products of 
these two structures are shown in Figure 2.3.12. Figure 2.3.12A shows 
the OzID products of m/z 443 that has arisen through C18:1 expelling 
the C2:0 at sn-2, and Figure 2.3.12B shows the products from the other 
TAG structure where C5:1 expels C2:0.  






Figure 2.3.12 Ozonolysis products from the two structures of m/z 
443 [M+Na]+.  
(A) Products arising from ozonolysis of n-9 and n-17 double bonds in 
structure from C18:1 ejecting C2:0.  
(B) Products from ozonolysis of C5:1 fragment in structure that resulted 
from C5:1 ejecting C2:0. 
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 The fragment products from Figure 2.3.12 can be seen in the 
spectra of the standards and extract. However, the pair of peaks m/z 
405 and 421 arising from Figure 2.3.12B, was not observed in the 
TAG6b isomer spectrum (Figure 2.3.13). This is because the ejection 
of the C2:0 fragment by the C5:1 group in this molecule would have 
resulted in the formation of a six membered ring structure which do not 
tend to form. Based on the differences in mass spectral profiles found 
between crude extract and the synthetic TAG, the possibility that the 
natural TAG regioisomer is TAG6b can be dismissed. This result is 
different from the predicted structure that was based solely on peak 
abundances in CID spectra in Figure 2.3.3, and is likely due to 
complexity arising from ion contamination of the C16:1- containing 
TAG.. From these results, the natural isomer can be predicted to be 
either TAG6a or TAG6c based on the presence of the pair of peaks at 
m/z 405 and 421 in the two standards and the extract.  

















































































































































Figure 2.3.13 OzID MS spectra of mass selected ion m/z 443 
[M+Na]+ from CID of TAG regioisomers and D. arizonae 
ejaculatory bulb extract.  
Peak signals corresponding to predicted ions (Figure 2.3.12) are 
observed in all spectra except TAG6b. The pair of peaks m/z 405 and 
421 (in red brackets) is not observed for TAG 6b because ejection of 
C2:0 by C5:1 in this molecule would have resulted in a six membered 
ring product which do not tend to form. 
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 OzID of another CID fragment, m/z 403, gave further indication of 
the regiostructure of the TAG. As shown previously in Figure 2.3.8, two 
structures of m/z 403 could have formed from different parts of the 
molecule ejecting the C5:1 fragment. The schemes in Figure 2.3.14 






Figure 2.3.14 Schematics of products formed from ozonolysis of 
the two possible structures of m/z 403 [M+Na]+.  
Ozonolysis products formed from (A) n-9 and (B) n-17 double bonds of 
oleyl acyl component in structures resulting from ejaction of C5:1 by 
C2:0 and C18:1, respectively. An ozonide can also form from (A) with 
the m/z 419.  
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 These peaks signals were observed in all spectra (Figure 2.3.15). 
However, peak abundances vastly differ particularly for m/z 165, 183 
and 199 (in red brackets, Figure 2.3.15). They are present at high 
levels in TAG isomers TAG6a and TAG6b, but at much lower 
abundance for TAG6c and the ejaculatory bulb extract. In the spectra 
of TAG6b and TAG6a, the most abundant ion is at m/z 183, whereas 
this same peak is about 10% relative to m/z 405 for TAG6c. Based on 
the abundances of the signature peaks, we can confidently assign the 
natural occurring TAG to be TAG6c - 18:1/2:0/5:1. We could also 
concurrently determine the double bond position of this TAG. The 
fragment at m/z 295 corresponds to a double bond at n-9 (Figure 
2.3.14A). Unfortunately, the method has not allowed us to elucidate the 
stereochemistry of the chiral carbons. 
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Figure 2.3.15 OzID MS spectra of mass selected ion m/z 405 
[M+Na]+ from CID of TAG regioisomers and D. arizonae 
ejaculatory bulb extract.  
Peaks signals corresponding to predicted ions (Figure 2.3.14) are 
observed in all spectra. However, peak abundances of m/z 165, 183 
and 199 are much lower in TAG6c and extract (in red brackets), 
assigning that regioisomer as the natural TAG.  
Chapter 2- Sex-specific TAGs produced consist of a wide variety of 
isomers 
 75 
2.3.3 Confirmation of acetate functional group in long OAcs 
The male-derived long OAcs were predicted to be acetates 
based on the molecular weight and the resulting predicted elemental 
composition. However, other compounds can also share the same 
molecular formula. For example, C4H8O2 can be butyric acid, ethyl 
acetate, or isobutyric acid. In order to test for the presence of an 
acetate group, the TLC fraction containing the long OAcs were mixed 
with KOH in isopropanol followed by acidification with HCl. The 
reaction allows for the replacement of only the acetate groups to 
hydroxyl groups which could be detected by DART MS (Figure 2.3.16). 
The alcohol was then derivatized with N-methyl-N-
trimethylsilyltrifluoroacetamide (MSTFA) to convert the hydroxyl groups 
to trimethylsilyl groups. The resulting compounds containing the 
trimethylsilyl-replaced groups were also detected by DART MS (Figure 
2.3.16). The DART spectra confirmed the predicted alcohol and 
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Derivatization of hydroxyl group to trimethylsilyl group
C30H59O2Si
loss of OH, addition of 
Trimethylsilyl group (Si(CH3)3
C32H63O2Si
loss of OH, addition of 
Trimethylsilyl group (Si(CH3)3
m/z  
Figure 2.3.16 DART MS spectra of chemically derivatized Long 
OAc fraction, confirming an acetate group in the structures.  
Top panel shows derivatization to an alcohol, and bottom, to a 
trimethylsilyl group. The two product peaks in each spectrum 
corresponds to the more abundant male-specific long OAcs, m/z 487 




In the study, using several recently developed mass spectrometry 
instruments, we have uncovered the structures of these sex-specific 
TAGs found on desert-adapted drosophilids. The TAGs are unique, 
consisting of two short chain, sometimes branched, fatty acyl (2 to 5 
carbons) and one long chain fatty acyl (16 to 18 carbons) moieties. The 
fatty acyl compositions were determined for thirteen of the TAGs, and 
regioisomer geometry was determined for one of the TAGs using CID 
and OzID mass spectrometry. Chemical synthesis of other putative 
TAG molecules will allow for structural elucidation by MS. At this point, 
we are unable to determine (R)- or (S)- enantiomers, and cis- or trans- 
isomers. Other methods such as HPLC which could separate (R)- and 
(S)- enantiomers could be utilized to determine enantiomers as has 
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been done for the D. melanogaster pheromone, CH503 (Shikichi et al. 
2012). 
In the next chapter, the importance of pairing the specific structures to 
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3.1.1 Courtship behaviour of D. arizonae and D. mojavensis 
 
 Desert-adapted drosophlids exhibit stereotypical courtship 
behaviours that were first described in male D. melanogaster 
(Sturtevant 1915, Spieth 1974) (Figure 3.1.1). With the help of visual 
and olfactory cues, the male first orients and approaches the female. 
He then receives further olfactory and gustatory cues about the species 
and mating status of the female via tapping and licking with the 
forelegs and proboscis. Courtship advances when the male produces a 
courtship song via unilateral wing vibration. Finally, the female slows its 
movement to allow for copulation. In D. melanogaster, copulation lasts 
for up to twenty minutes. However, in D. arizonae and D. mojavensis, 
copulation typically lasts no more than three minutes. Nevertheless, the 
same parameters for analyzing the courtship behaviour of D. 
melanogaster could be used for D. arizonae and D. mojavensis.  
 
3.1.2 Aims and significance 
  
Chemicals that are secreted by the male ejaculatory bulb and 
show sexually dimorphic profiles typically play a role in courtship. In 
this chapter, I studied the behavioural consequences of the sex-
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specific TAGs using a male courtship choice assay. The naturally 
produced TAGs, synthetic TAGs, and their isomers were used to 
assess behaviour. 
 
Figure 3.1.1 Hallmarks of D. melanogaster courtship.  
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3.2 MATERIALS AND METHODS 
3.2.1 Courtship assays 
To generate mated female targets in assays where males choose 
virgin or recently mated females, naive males were first paired with 
virgin females in 35 x 10 mm tissue culture dishes (Nunclon, Denmark) 
to allow for copulation. Immediately after copulation, the dish 
containing the copulated pair was placed on ice to anaesthetize the 
flies temporarily. In clean tissue culture dishes, a mated female and a 
virgin female are placed into each dish and allowed to recover for 45 
min to an hour before performing the courtship assay. New socially 
naive males are aspirated into each dish and assayed for the first 
courtship event lasting more than 5 s including wing vibration, foreleg 
tapping, proboscis extension, and copulation. At least 20 trials of each 
set of experiments were performed.  
 
For perfuming assays, virgin females were perfumed by lightly 
vortexing eight individuals in a 1.8 mL glass vial with Teflon-lined caps 
containing extract or evaporated solvent (control) for 3 bouts of 20 s 
each with 5-10 s rest between each bout.  A fly from each vial was 
checked for perfuming efficiency using UV-LDI MS, while the other 7 
were used for the courtship assay. Approximately 20% of contents from 
the extract were transferred to all eight flies during perfuming (Billeter, 
Atallah et al., 2009). Therefore, each fly was perfumed with the 
equivalent of 2.5% of the total concentration from the vial.  
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In assays using synthetic TAGs, an amount of 750 ng or 75 ng per fly 
was used. Where TAGs are paired, each female was perfumed with 
37.5 ng of each TAG for a total 75 ng per fly. Figure 3.25C shows the 
spectra of perfumed females, indicating that amounts added by 
perfuming are moderate compared to mated females.  
 
In assays using fatty acids, an equimolar amount to the synthetic TAGs 
of each fatty acid was used. The control fatty acids used are behenic 
acid or trans-2-pentenoic acid, which are not part of the endongenous 
TAG structures.  
Chapter 3- Exploring the courtship-related effects of TAG isomers 
 82 
3.3 RESULTS 
3.3.1 Sex-specific lipids are transferred to females during mating  
  
 Since sex-specific TAGs are largely produced in many species of 
drosophilids and the TAGs have structures that have not been 
previously described, I next sought to ask whether sex-specific TAGs 
play a role in behaviour. The sexually dimorphic pattern of expression 
and localization in a male sex organ are similar to other known 
Drosophila courtship-related pheromones like cis-vaccenyl acetate 
(cVA) and 3-acetoxy-11,19-octacosadien-1-ol (CH503). Based on 
these features I hypothesized that the specialized lipids may also play 
a role that influences courtship.  
 
 Male Drosophila from the repleta group have courtship 
behaviours similar to D. melanogaster, consisting of a sequence of 
stereotyped, quantifiable features including wing vibration (singing), 
foreleg tapping, proboscis extension, and copulation (Spieth 1974). A 
courtship choice assay that allows a male to choose between two live 
females was utilized to assess the behavioural relevance of the sex-
specific TAGs to courtship. To test if mated females are unattractive to 
males, a naive male was given a choice to court either a virgin female 
or a recently mated (an hour before) female (Figure 3.3.1A). Both 
courtship initiation and copulation preference were measured. The 
preference index is based on the proportion of total number of males 
that court/copulate with the control females over the total number of 
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males in the trials. Male D. arizonae and D. mojavensis were 
significantly more attracted to virgin females than recently mated 






































Figure 3.3.1 Male preference for virgin females over mated 
females observed using the courtship choice behavioural 
paradigm.  
(A) To measure male courtship behaviour, one male fly is placed with 2 
females, one mated (M) and one virgin (V). Chamber size: 35 x 10mm 
(Diameter x height). 
(B) Drosophila arizonae (Dari) and D. mojavensis (Dmoj)  prefer to 
court virgin females over recently mated females (n=20, Fisher's exact 
test, p=0.00123; n=31, p=0.0105).**: p<0.002; *: p<0.02. A preference 
score of 1 indicates all males initiate courtship first with the virgin 
female; -1 indicates all males initiated courtship first with mated female. 
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3.3.2 Sex-specific lipids are correlated with female attractiveness. 
  
 Courtship inhibitory compounds can continue to linger on the fly’s 
surface for up to 10 days post-mating (Yew et al. 2009), and this 
duration can depend on the size of the compound. Highly volatile 
compounds like cVA stay on the female for up to 3 days, and CH503 
which is a much larger compound, stays for up to 10 days and elicits 
the courtship inhibitory effect for that duration (Yew et al. 2009). I was 
interested as to whether there is a correlation between the lipids that 
continued to stay on the females and the period of female 
unattractiveness. If the lipids function as anti-aphrodisiacs, the mated 
females should stay significantly less attractive than virgin females until 
the presence of these lipids levels become negligible. I measured the 
duration D. arizonae females remain unattractive after mating. Using a 
competitive courtship assay, males were given the choice between a 
virgin female and a recently mated female at different time intervals 
post-mating. At 1 h post-mating, only a few virgin males (4 out of 22) 
initiated courtship towards mated females compared to virgin females 
(Figure 3.3.2A). Also, no copulation events with mated females were 
observed at this time (Figure 3.3.2B). Mated females gradually became 
more attractive over time. From 2 h onwards, males showed no 
significant preference between mated and virgin females (Figure 
3.3.2A). By the eighth hour post-mating, some previously mated 
females had remated (Figure 3.3.2B).  







































































Figure 3.3.2 Temporal increase in attractiveness of D. arizonae 
females is related to the decay in male-specific lipids on females.  
(A) Females are significantly less attractive for up to 2 hours (h) after 
mating. By 4 h, males do not exhibit significant preference for courting 
mated vs. virgin females **: Fisher's exact test, p=0.00123; *: 
p=0.0256. N= 21-28. 
(B) Drosophila arizonae mated females are receptive to copulation 
starting at 8h after the first mating. Graph shows the percentage of 
females that copulated with males from all trials within 30 minutes. 
Some males copulated with both virgin and mated female targets within 
the same trial at 8h and 12h post-mating. N= 21-28. 
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 To determine whether sex-specific TAGs and long OAcs could be 
anti-aphrodisiacs whose presence correlates with the refractory period 
in female attractiveness, I examined the chemical profile of female 
anogenital regions at various time points after mating. Significant levels 
of both TAGs and long OAcs were found on the anogenital regions of 
D. arizonae females shortly after mating. The amounts of both these 
compounds decreased by approximately 80% at 2 h post-mating and 
was almost negligible at 12 hours post-mating (Figure 3.3.3A & B). The 
mated D. arizonae females became increasingly more attractive over 
time as levels of TAGs and long OAcs on the cuticle decreased. 
Chapter 3- Exploring the courtship-related effects of TAG isomers 
 87 
A

























































































































































Figure 3.3.3 Levels of lipids on females decrease drastically soon 
after mating.  
(A) Levels of male-transferred TAGs and long OAcs on the female 
cuticle after first mating decreases by 2 h post-mating. N= 8-10. 
(B) Representative UV-LDI mass spectra of female anogenital regions 
at various intervals post-mating. m/z values in red indicate TAGs while 




 Taken together, these results show that the levels of male-
transferred TAGs and long OAcs correlate with female attractiveness 
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3.3.3 Sex-specific lipids are anti-aphrodisiacs 
 
 The reluctance of males to court could be due to additional 
compounds on the cuticle of the fly that have been transferred or visual 
cues of female mating status such as extruded ovipositor of a mated 
female which signals her rejection to mate. In order to determine 
whether the male-transferred TAGs or long OAcs account solely for the 
loss of female attractiveness, I tested male preference from D. 
arizonae, D. mojavensis and D. navojoa when presented with a choice 
between virgin females perfumed with solvent or with extracts from 
ejaculatory bulbs. Since virgin females were used, female rejection 
behaviour was not a contributing factor to male choice. In these three 
species, fewer males chose to initiate courtship with extract-perfumed 
females (Figure 3.3.4A). Drosophila arizonae was also significantly less 
likely to copulate with ejaculatory bulb-perfumed females while D. 
mojavensis showed a tendency to avoid perfumed females (Figure 
3.3.4A & B). D. navojoa only rarely copulated under these experimental 
conditions; however, the few males that copulated preferred to do so 
with control females (Figure 3.3.4A). These results suggest that the 
use of these sex-specific signals as anti-aphrodisiacs is conserved 
across several species. 
 
 Further analysis of D. arizonae indicated that a minimum dose of 
the contents of approximately 0.5 ejaculatory bulbs was needed to 
achieve a significant behavioural effect (Figure 3.3.4A & B). Masking of 
female pheromones or other compounds within the ejaculatory bulb 
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could account for the male aversion towards extract-perfumed females. 
Therefore, to eliminate the possibilities, I tested D. arizonae male 
preference between females perfumed with extracts from mature and 
immature (and therefore, containing negligible amounts of TAGs and 
long OAcs) ejaculatory bulbs. Females perfumed with the contents of 
ejaculatory bulbs from immature males were actively courted over 
those perfumed with extract from mature males (Figure 3.3.4A & B). 
This result indicated that male courtship suppression was not due to 
masking of female aphrodisiacs or other compounds found within the 
ejaculatory bulb. Furthermore, it is unlikely that female rejection 
behaviour was triggered by females’ sensory feedback from perfuming. 
Drosophila arizonae males continued to avoid mating with perfumed 
females from which the major olfactory and gustatory organs have 
been removed (Figure 3.3.4C & D). Taken together, the presence of 
male-specific long OAcs and TAGs on females was sufficient to fully 
recapitulate the loss of attractiveness observed in recently mated 
females. 
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Figure 3.3.4 Compounds from mature ejaculatory bulb suppress 
male courtship behaviour in three repleta group species. 
(A) Drosophila arizonae males are m ore reluctant to initiate courtship 
with females perfumed with the contents of [1.25] ejaculatory bulb (eb) 
(n=27, Fisher's exact test, p=0.000624) or [0.5] eb (n=28, p<0.0001) 
but not [0.25] eb (n=28, p=0.176). Extracts from immature male ebs 
were ineffective at inhibiting male courtship (n=28, p= 0.000389). D. 
mojavensis and D. navojoa males also avoided virgin females 
perfumed with eb contents (Dmoj: n=21, p=0.00160; Dnav: n=21, 
p<0.0002). **: p<0.002; ***: p<0.0001. 
(B) Drosophila arizonae males avoided copulating with females 
perfumed with the contents of male ejaculatory bulbs (eb) at a 
concentration of [1.25] eb (n=27, Fisher's exact test, p=0.0003) or [0.5] 
eb (n=28, Fisher's exact test, p<0.0001) but not [0.25] eb (n=28, 
p=0.176). Eb extract from immature males was significantly less 
effective than extract from mature males (n=28; *: Fisher's exact test, 
p<0.0001). D. mojavensis exhibited a tendency to avoid eb-perfumed 
females (n=21, Fisher’s exact test, p=0.0578). D. navojoa males 
courted but seldom copulated within the one hour observation time. 
Only 4 out of 21 males copulated, preferring the non-perfumed 
females. **: p<0.001; ***: p<0.0001.  
(C & D) Drosophila arizonae courtship and copulation preferences 
towards partly olfactory and gustatory perception- deficient virgin 
females that are perfumed with control or ejaculatory bulb extract. 
Leaving gustatory perception intact and removing the antennae and 
maxiliary palps, there is no effect on male courtship or copulation 
preference towards control females. Males still a showed a preference 
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for control females (no ANT,MP; n=20, p<0.0001; and p<0.01). Virgins 
without antennae, maxiliary palps, and have T3-5 segments of forelegs 
painted over with nail polish (T3-5), also did not affect male courtship 
choice (no ANT,MP,T3-5; Fisher’s exact test, n=21, p<0.01), 
suggesting that female behaviour did not affect courtship initiation. 
However, these females are less likely to allow copulation (only 5 out of 
21 copulated) (no ANT,MP,T3-5; n=21, p= 0.343). *:p<0.01; 
***:p<0.0001. C: solvent control; P: perfumed. 
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3.3.4 Sex-specific TAGs function synergistically with other lipids  
  
 The courtship aversion effect could be due to the presence of 
TAGs and long OAcs functioning separately or synergistically. In order 
to determine which class of compounds is important in eliciting 
courtship avoidance, I tested the effects of these two classes of 
compounds separately and together. To isolate the two classes of 
compounds, TLC was used and the fractions of interest are eluted from 
the silica plate, like in the previous chapter (Figure 2.3.1A).  
 
 Following separation by TLC, male D. arizonae were given a 
choice between virgin females perfumed with extracts from blank TLC 
plates and with TLC fractions containing male-specific TAGs alone, 
long OAcs alone, or male-specific TAGs and long OAcs together. 
Representative spectra of the dorsal abdomens of females that have 
been perfumed with the fractions are shown in Figure 3.3.5A, showing 
physiologically relevant doses. Perfuming with long OAcs alone had no 
effect on male copulation choice while the presence of TAGs alone 
induced a significant anti-aphrodisiac effect on copulation choice 
(Figure 3.3.5B & C). Notably, when females were perfumed with both 
fractions containing TAGs and long OAcs, male courtship and 
copulation were more strongly suppressed (Figure 3.3.5B & C). 
Suppression of courtship initiation was observed in the presence of 
TAGs and long OAcs but not TAGs alone (Figure 3.3.5B). These 
results suggest that both TAGs and long OAcs may be needed for 
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initiation whereas TAGs are important for inhibiting later stages of 
courtship. Interestingly, there was a courtship preference for females 
perfumed with long OAcs alone, which suggests that the long OAcs 
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Figure 3.3.5 Suppression of courtship and copulation towards 
females perfumed with TAGs and long OAcs.  
(A) UV-LDI MS spectra of females perfumed with TLC fractions. 
Signals for TAGs and long OAcs are indicated in red and blue, 
respectively. *: C35:2 Pentatriacontadiene reference peak, m/z 527.5 
[M+K]+. 
(B) Suppression of D. arizonae courtship initiation is elicited only when 
TAGs and HC-OAcs are combined (n=28, Fisher’s exact test, 
p<0.0001). TAGs alone are ineffective (n=28, p= 0.593). HC-OAcs on 
their own could be attractive to males (n=28, p= 0.006). *: p<0.05; ***: 
p<0.0001. 
(C) Drosophila arizonae copulation is suppressed in the presence of 
TAGs alone (n=28; Fisher's exact probability test, p= 0.0287) or TAGs 
combined with HC-OAcs (n=28; p< 0.0001), but not HC-OAcs alone 
(n=28; p= 0.0543). *: p<0.05; ***: p<0.0001. 
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3.3.5 At a low dose, the sex-specific TAG that contains oleic acid 
is bioactive 
  
The results from behavioural and mass spectrometry analyses indicate 
that sex-specific TAGs consist of a mixture of many isomers and when 
perfumed on females, suppress male courtship and copulation. In 
insects, many pheromones have been shown to be effective only in 
specific configurations and stereochemistry (Vité et al. 1976). I next 
tested whether individual TAG species of particular structural 
configurations was sufficient to induce a behavioural response. 
Drosophila arizonae male preference towards females perfumed with a 
synthetic TAG or with solvent alone was tested. Based on the structural 
information, Prof. Kenji Mori synthesized racemates (mixtures of (R) 
and (S) isomers) of TAGs differing in the long chain fatty acyl moiety at 
sn-1 position (the synthetic standards were shown previously in Table 
2.3.2, (Mori 2012). 
 
 The molecules at m/z 531, 533, 557, and 559 [M+K]+ are 
postulated to contain TAG molecules that have the same tiglyl acyl 
moieties but differ in the long fatty acyl moiety. Racemates of these 
postulated TAGs that differ in fatty acids at the sn-1 positions were 
tested at two doses: 750 ng/ fly and 75 ng/ fly. At both doses, each 
racemic mixture did not elicit courtship aversion. However, courtship 
aversion was observed when long OAcs were combined with TAGs 
containing oleic acid (C18:1) or linoleic acid (C18:2)- TAG4 and TAG5, 
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respectively. Yet, only the former molecule was capable of suppressing 
copulation at the lower dose of 75 ng per female (Figure 3.3.6A & B). 
Representative spectra of perfumed females are shown in Figure 
3.3.6C, showing that the doses do not overwhelm and mask other 
hydrocarbons.
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Figure 3.3.6 Drosophila arizonae courtship and copulation 
preferences towards virgin females perfumed with synthetic TAGs 
together with extract-purified long OAcs.  
(A) Courtship initiation preference of males towards females perfumed 
with synthetic TAGs or solvent control. Perfuming at the higher dose 
with the oleic acid (C18:1) or linoleic acid (C18:2)-containing TAGs 
suppressed courtship initiation (n=21, Fisher's exact test, p= 0.00167; 
750ng: n=21, p= 0.00158). Oleic acid-TAG was also effective at the 
75ng dose (n=21, p= 0.0126) paired with long OAcs, but not by itself. *: 
p<0.02; **: p<0.002; ***: p<0.0002. 
(B) Copulation preference of males towards females perfumed with 
synthetic TAGs or solvent control. Oleic acid (C18:1)- containing TAGs 
produced significant effects at high and low doses (750ng: n=21, 
Fisher's exact test, p<0.0001; 75ng: n=21, p= 0.00167). *: p<0.02; **: 
p<0.002; ***: p<0.0002. 
(C) UV-LDI MS spectra of females perfumed with synthesized TAGs. 
Signals for TAGs and long OAcs are indicated in red and blue, 





Chapter 3- Exploring the courtship-related effects of TAG isomers 
 97 
3.3.6 Sex-specific TAGs exhibit stereospecificity 
 
 From the mass spectrometry analysis, (R) or (S) stereochemistry 
of the TAGs could not be determined. Regardless, using the synthetic 
TAG enantiomers, I could test whether the TAG of a particular 
stereochemistry is behaviourally functional. First, the enantiomers of 
the behaviourally active TAG regioisomer 18:1/5:1/5:1 (TAG4a, Table 
3.3.1) was tested in a courtship choice assay combined with or without 
long OAcs. In the previous result, the racemic TAG4a together with 
long OAcs, could suppress courtship (Figure 3.3.6A & B). Interestingly, 
testing with its enantiomers alone (without long OAcs) revealed that the 
(R) enantiomer of this TAG was sufficient to induce an effect ((R)-
TAG4a, Figure 3.3.7A & B). Perfuming females with the (S)- 
enantiomer showed no significant effect on male choice ((S)-TAG4a, 
Figure 3.3.7A & B). Synthesizing and testing of the (R) enantiomers of 
its other regioisomers (TAG4b and c, Table 3.3.1) revealed that the (R) 
configuration of TAG4b was also able to suppress courtship on its own 
(Figure 3.3.7A & B). No significant avoidance was observed for the 
regioisomer with oleic acid at sn-2 (TAG4c). In combination with long 
OAcs, the effect was unchanged (Figure 3.3.7C & D). 
 
 From the CID/OzID mass spectrometry results, the natural 
regioisomer of the TAG at m/z 503 [M+Na]+ was determined and is 
composed of the configuration 18:1/2:0/5:1. I next tested the 
enantiomers of this regioisomer and the other unnatural regioisomers 
in the choice assay (TAG6a to c, Table 3.3.1). Males were given a 
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choice between virgin females perfumed with the enantiomers with or 
without long OAcs, and females perfumed with control solvent. 
Analysis of the isomers revealed (R)-TAG6a, (S)-TAG6b, and (S)-
TAG6c to be effective on their own (Figure 3.3.7A & B). In addition, 
when the synthetic TAGs were perfumed together with long OAcs, (R)-
TAG6b and (R)-TAG6c which were previously ineffective on their own, 
elicited significant courtship avoidance from D. arizonae males (Figure 
3.3.7C & D). The courtship avoidance effect is not due to general 
aversion of a foreign molecule since the effect was specific to only one 
stereoisomer of each TAG. Taken together, isomers of TAGs that 
elicited courtship aversion from D. arizonae males exhibited a variety of 
regio- and stereo-structures. The isomers that were bioactive did not 
share a common enantiomeric or fatty acid configuration. Also, 
individual TAGs can elicit courtship suppression when presented 
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Table 3.3.1 Synthesized isomers of TAG at m/z 519.31 and 559.31 
[M+K]+. 
TAG Calculated 
[M + K]+ Fatty acyl components
† 
(S)- TAG4a 
559.34 C18:1 (n-9)/C5:1/C5:1 
(R)- TAG4a 
(R)- TAG4b 559.34 C5:1/C5:1/C18:1 (n-9) 
(R)- TAG4c 559.34 C5:1/C18:1 (n-9)/C5:1 
(S)- TAG6a 
519.31 C18:1 (n-9)/C5:1/C2:0 
(R)- TAG6a 
(S)- TAG6b 
519.31 C5:1/C18:1 (n-9)/C2:0 
(R)- TAG6b 
(S)- TAG6c 
519.31 C18:1 (n-9)/C2:0/C5:1 
(R)- TAG6c 
†Notation indicates number of carbons followed by number of double 
bonds for each fatty acyl component in order of sn- positions (ie. sn-
1/sn-2/sn-3); double bond position indicated in brackets. 
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Figure 3.3.7 Drosophila arizonae courtship and copulation 
preferences towards virgin females perfumed with synthetic TAG 
enantiomers.  
(A) Courtship initiation preference and (B) copulation preference of 
males towards females perfumed with synthetic TAGs. (R)- TAG4a, 
(R)-TAG4b, (R)-TAG6a, (S)-TAG6b, and (S)-TAG6c are bioactive on 
their own. (Courtship initiation preference respectively, Fisher’s exact 
test: n=21, p= 0.0000228; n=20, p=0.0104; n=19, p=0.000905; n=20, 
p=0.000414; n=21, p=0.0000228) (Copulation preference: 
p=0.0000139; p=0.0104; p=0.00814; p=0.000244; p=0.00151 
respectively.) *: p<0.02; **: p<0.002; ***: p<0.0002 
(C) Courtship initiation preference and (D) copulation preference of 
males towards females perfumed with TAGs and long OAcs. (R)-
TAG6b and (R)-TAG6c when perfumed with long OAcs resulted in 
suppression of courtship (n=21, p=0.0014; n=21, p=0.0123 
respectively) and copulation (p=0.0000674; p=0.0048 respectively.) *: 
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3.3.7 Sex-specific TAGs function synergistically to elicit courtship 
suppression 
 
 Since the TAGs have been shown to function synergistically with 
the long OAcs, I next asked if the individual TAGs also function 
synergistically with other TAGs. To examine this possibility, I paired 
TAG4 together with long OAcs and other synthetic TAGs of varying 
long fatty acyl chains at lower doses. At a dose of 37.5 ng per fly, none 
of the TAGs were effective by themselves. TAG4 (shown to suppress 
courtship at 75 ng per fly) inhibited courtship initiation when perfumed 
in combination with TAGs containing C18:0 and C16:1- TAG2 and 
TAG3, respectively (Figure 3.3.8A). However, only combinations 
including TAG2 triggered copulation avoidance (Figure 3.3.8B). 
Additionally, the combination of TAGs containing C18:0 and C18:2 also 
suppressed courtship and copulation (Figure 3.3.8A & B). Thus, low 
amounts of several TAG species, inactive on their own, can act in 
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Figure 3.3.8 Synergistic inhibition of courtship and copulation by 
combinations of TAGs at low levels.  
(A) Drosophila arizonae courtship preferences towards virgin females 
perfumed with different combinations of synthetic TAG together with 
extract-purified long OAcs. Three combinations worked synergistically 
to inhibit courtship initiation: TAG4 and TAG2 (Fisher's exact test, 
n=21, p<0.0001) or TAG4 and TAG3 (n=21, p= 0.00292); and TAG2 
and TAG5 (n=19, p=0.00023). **: p<0.005; ***: p<0.0005.  
(B) Two combinations of TAGs produced synergistic effects on 
copulation suppression: TAG4 and TAG2 (n=21, p= 0.000139); and 
TAG2 and TAG5 (n=19, p=0.022). TAG4 is not bioactive at a dose of 





3.4.1 Synergy between Pheromones 
Synergistic interactions between multiple sensory cues in 
chemical communication has been described in several forms, in many 
cases involving a combination of enantiomers (Borden et al. 1976) or a 
blend of molecules from the same chemical class (Lecomte et al. 1998, 
Srinivasan et al. 2008). Famously, the honey bee queen uses a blend 
of at least 9 different fatty acids and alcohols secreted by multiple 
glands (Keeling et al. 2003). The parasitic wasp, Lariophagus 
distinguendus, was recently reported to use TAGs together with a 
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branched alkane to promote mating behaviour (Kühbandner et al. 
2012). Food odors are also known to synergize with aggregation 
pheromones in beetles (Lin et al. 1992) and with sex pheromones in 
Drosophila (Grosjean et al. 2011). The sex-specific TAGs interact 
synergistically with the long OAcs, and also amongst isomers of TAGs. 
Pheromonal synergism between completely different classes of 
molecules is rarer and may be a mechanism to increase combinatorial 
complexity.  
 
3.4.2 Sensory adaptation 
 Despite the fact that the natural positional isomer of TAG m/z 503 
[M+Na]+ is 18:1/2:0/5:1 (TAG6c), other unnatural isomers tested also 
elicited responses. The responses are not generalised aversion to 
compounds of these structures since the courtship deterrence was only 
observed for one stereoisomer and not the other. CH503 is an anti-
aphrodisiac that was originally identified in D. melanogaster, and is 
used to gain a mating advantage by reducing male-male competition. 
In the study to explore the relationship between CH503 production and 
its behavioural effects in other Drosophila and Sophophora species, Ng 
et al. (2013) found that the unnatural isomer (S)-CH503 elicited a 
stronger courtship aversion compared to the natural (R) isomer; and in 
species that produce CH503, males are less sensitive to the courtship 
aversion effect. It was proposed that males adapted to this form of 
competition by losing sensitivity to the anti-aphrodisiac compound. In 
my study, producing many TAG species could be a way of producing 
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complexity to overcome the sensory adaptation of males as a counter 
tactic in sperm competition. The unnatural TAG isomers that 
suppressed courtship could act as supernormal stimulus that can be 
used in future sensory exploitation.  
 
 Conversely, only some of the produced TAGs appear to play a 
role as an anti-aphrodisiac. The quiescent stereoisomers could be 
used as potential future chemical cues (Niehuis et al. 2013). 
 
However, producing a variety of TAGs should confer some 
fitness advantage for the males to allow this trait to be fixed in the 
population. Otherwise, the production will be a waste of resources and 
will come at a cost of the males’ survival. Analyzing the fitness 
advantages each TAG would require mutants that produce fewer 
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CHAPTER 4- Exploring the protective role of sex-specific 




Other than lipid storage, TAGs could have other functions. 
Humans, reptiles, and some insects secrete TAGs onto their skin or 
cuticle which helps to maintain skin moisture balance and prevent 
desiccation (Roberts and Lillywhite 1980, Gołębiowski et al. 2011). The 
recent study observing TAGs on the cuticles of male D. repleta and D. 
quinaria groups also indicate plausible roles in preventing desiccation 
(Yew et al. 2011, Curtis et al. 2013). 
 
In this chapter, I explored the possible protective role of TAGs 
against desiccation using an egg desiccation assay. 
 
 
4.2 MATERIALS AND METHODS 
 
4.2.1  Egg desiccation assay 
Eggs laid within a three hour period were collected from D. 
melanogaster and D. arizonae. Four groups of 50 eggs were placed on 
petri dishes (35 x 10 mm, Nunclon) and each group treated with one of 
the following experimental treatments: 5 µL of control hexane solvent, 5 
µL of a mixture of five synthetic TAGs with different long chain fatty 
acyl component at a dose of 100 ng/µL each, 5 µL from an extract of 
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50 D. arizonae ejaculatory bulbs in 100 µL hexane, and D. arizonae 
eggs alone (Figure 4.2.1). A petri dish for each condition was placed 
into an airtight plastic container (17 x 23.5 x 12 cm, Komax) containing 
silica beads (Silica gel from a standard hardware store). Humidity 
levels were adjusted by adding diferent amounts of silica beads. A 
small hole that could be sealed with duct tape is made at the side so 
that relative humidity could be measured. Thirty sets of experiments 



















Figure 4.2.1 The desiccation assay setup.  
(A) 50 eggs of each condition were placed in petri dishes surrounded 
by silica gel beads (blue hexagons) at the bottom of the airtight plastic 
container. (B) The overall setup and dimensions of the plastic 
container. A hole is drilled at the side (black circle) to enable insertion 










 We have uncovered that the sex-specific TAGs consist of a 
cocktail of many different isomers and that some of them function as 
anti-aphrodisiacs in courtship. Since TAGs have conventionally been 
thought to play a role in energy storage, I hypothesized that the TAGs 
could also serve as a nuptial gift in the form of nutrition for the females, 
enabling them to survive better under stressful conditions. Previous 
studies have shown that D. mojavensis females that have mated 
survive better under desiccating conditions compared to virgin females 
(Knowles et al. 2004). I tested mated and virgin D. arizonae females 
under desiccating conditions without food and counted the number of 
flies that survived at different intervals. However, mated D. arizonae 
females did not have an improved survival rate under these conditions 
indicating that the male-specific TAGs transferred during mating 
offered no advantage.  
 
Alternatively, the TAGs could serve as a desiccation or 
microbe/fungal protectant to oviposited eggs. I tested if the TAGs could 
confer protection to wildtype D. melanogaster eggs. Drosophila 
arizonae or D. mojavensis eggs were not used because of the 
presence of TAGs already on them. To test for protection against 
desiccation, I placed wildtype D. melanogaster eggs coated with TAG 
extract from males, synthetic TAGs, and control hexane solvent, and 
counted the eggs that were desiccated after 3 hours under dry 
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conditions. There were no significant differences in all conditions 
indicating that TAGs do not protect against desiccation (Figure 4.3.1). 
To test for protection against invading fungus, I placed the different 
coated eggs onto lawns of fungi- Candida albicans or Aspergillus 
fumigatus. The TAGs did not prevent the growth of fungi, and the eggs 


























































Figure 4.3.1 Proportion of eggs that were desiccated after 3 hours 
under each treatment at different relative humidity.  
No significant differences between the conditions were observed at 
each range of humidity, with an exception at relative humidity 80-84%, 





4.4.1 TAG functions may not be limited to courtship inhibition 
Lipid and protein compounds transferred from male to female 
Drosophila during copulation are known to inhibit courtship from other 
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males, trigger rejection behaviors in mated females, and serve as 
nutrition to aid in fertilization and oogenesis in the female (Zawistowski 
and Richmond 1986, Bownes and Partridge 1987, Wigby et al. 2009, 
Yew et al. 2009). Our results show that TAGs are a novel class of 
mating-related pheromones that are used by males to manipulate the 
post-mating attractiveness of females. TAGs do not confer better 
survival to mated females or prevent desiccation of eggs and inhibit 
fungal overgrowth. However, it remains to be determined whether the 
TAGs could serve as nuptial gifts, that aid in oogenesis (Gwynne 
2008), or as defensive compounds (Will et al. 2000) to flies.  
Alternatively, sex-specific TAGs could also have functions in 
female behaviour. While sex-specific TAGs have been shown to be 
aversive to males, the female response towards TAGs has not been 
measured. In D. melanogaster, females are attracted to the male 
pheromone, cVA (Kurtovic et al. 2007). The same pheromone also 
promotes mating in females (Lebreton et al. 2014). Competitive 
advantages of males with higher levels of sex-specific TAGs have not 
been tested due to the lack of mutants with low levels of TAGs. 
However, a crude experiment measuring the amount of time a female 
spent near two decapitated males perfumed with different levels of 
TAGs was done and yielded no significant differences towards either 
male (not shown). Perhaps a chamber with separated and isolated live 
males, to prevent cross-perfuming, would be a better assay to observe 
the interactions of the females with the males.
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 Chemical cues can be sensed through the olfactory or gustatory 
system in Drosophila. The olfactory organs include the third antennal 
segment and the maxillary palps, and the gustatory organs consist of 
the labellum, pharynx, legs, wing margin, and the female genitalia. Until 
recently, Drosophila pheromones are thought to be detected by 
odorant receptors or gustatory receptors present in the chemosensory 
organs (Bray and Amrein 2003, Ejima et al. 2007, Moon et al. 2009). 
These receptors are seven transmembrane domain proteins 
structurally similar to the G protein-coupled receptors, yet are 
evolutionarily unrelated to mammalian odorant or taste receptors 
(Clyne et al. 1999, Clyne et al. 2000). The discovery of ionotropic 
receptors that were more similar to ionotropic glutamate receptors 
added to the repertoire of possible pheromone-sensing receptors 
(Benton et al. 2009). Although studies have shown that a receptor 
related to the mammalian CD36 lipid receptor is required for 
pheromone sensing (Benton et al. 2007), and that flies detect fatty 
acids via sweet-sensing neurons (Masek and Keene 2013), 
chemosensory receptors that detect TAGs have not been reported. 
Potentially, novel receptor families sensing TAGs have yet to be 
discovered. Alternatively, present chemosensory receptors could be 
adept at detecting structures much larger than common low molecular 
weight lipid ligands. 
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5.1.2 Aims and significance 
In this chapter, I explored the sensory detection of the sex-specific  
TAGs- whether the TAGs are sensed as a whole molecule; and which 




5.2 MATERIALS AND METHODS 
5.2.1 Chemicals 
The chemicals tiglic acid, behenic acid, trans-2-pentenoic acid, oleic 
acid, and methyl oleate were purchased from Sigma-Aldrich Co. at the 
highest purity, and were further diluted to the test concentrations with 
hexane. 
 
5.2.2 Organ-deficient males 
In order to generate organ-deficient males for the courtship choice 
assay, the organ or part of the body was cut cleanly using a sharp 
razor or pair of forceps while males were on a carbon dioxide pad. The 





5.3.1 Sensory detection of whole or hydrolyzed TAG molecules 
 Odorant and gustatory receptors have ligands that cover a wide 
range of sizes from carbon dioxide that has a mass of 44 (Jones et al. 
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2006), to large molecules like CH503 of mass 464 (Shankar et al., 
unpublished). Since sensory receptors for TAGs have not previously 
been reported, and fatty acid sensory receptors have been suggested 
for humans, rats, and D. melanogaster (Fukuwatari et al. 1997, Pepino 
et al. 2012, Masek and Keene 2013), it is possible that TAGs or their 
hydrolysed fatty acids or fatty acid methyl esters are detected by 
odorant or gustatory receptors. If individual fatty acids or fatty acid 
methyl esters cause courtship avoidance, the result could mean that 
these hydrolysed products instead of whole TAG molecules are 
detected by sensory receptors. I tested whether the hydrolysed 
products could cause courtship avoidance.  
 
 In the choice assay, D. arizonae males were given a choice 
between females perfumed with a fatty acid that is a constituent of the 
sex-specific TAGs, and a female perfumed with a control solvent or a 
non-specific fatty acid that does not constitute part of any sex-specific 
TAG structure. Furthermore, females were perfumed with fatty acids at 
equimolar doses to previous experiments that had used synthetic 
TAGs. Perfuming with oleic acid or tiglic acid at equimolar doses did 
not cause significant male deterrence (Figure 5.3.1). The addition of 
long OAcs did not enhance or result in significant courtship inhibition. 
Even in the presence of a control female that was perfumed with 
hexane instead of behenic acid or trans-2-pentenoic acid, there was 
still no courtship aversion towards females perfumed with both tiglic 
acid and oleic acid, indicating that the response is not a general 
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deterrence towards acids. In order to test if the hydrolysed fatty acid 
methyl esters were bioactive, I subject the bioactive (S) isomer of TAG 
18:1/2:0/5:1 (TAG6c) and control hexane to transesterification with 
methanolic HCl, and perfumed females with the resulting products. In 
the choice assay, the males actively avoided courtship and copulation 
with females that have been perfumed with esterified TAG (Figure 
5.3.1), suggesting that methyl esters could be involved in suppressing 
courtship. However, perfuming with an individual fatty acid methyl 
ester, methyl oleate, in the presence of long OAcs, did not result in 
significant avoidance. The results indicate that individual fatty acids or 
the methyl esters do not suppress courtship even if long OAcs are 
added. The more probable explanation could be that a combination of 
fatty acid methyl esters are involved since methyl acetate, methyl 
tiglate, and methyl oleate are produced from the esterified TAG and 
elicited a response. The results, however, do not explain why certain 
stereoisomers elicited the avoidance effect. If enzymes that 
metabolizes TAGs are present on the fly, the resulting fatty acid or fatty 
acid methyl ester products from both (R) and (S) enantiomers would be 
the same. Therefore, both enantiomers should suppress courtship 
regardless of chirality. Yet, I observed the courtship suppression 
towards one enantiomer for each TAG. 
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Figure 5.3.1 Perfuming with individual fatty acids or the methyl 
esters do not produce suppression of courtship and copulation. 
(A) Courtship initiation preference and (B) copulation preference of 
males towards female perfumed with fatty acids, fatty acid methyl 
esters, or esterified TAG (S)-18:1/2:0/5:1. Individual test fatty acid was 
tested against a nonrelevant fatty acid control that do not make up the 
sex-specific TAG molecule. Methyl oleate was tested against oleic 
acid. A combination of oleic acid and tiglic acid was tested against 
control hexane. Transesterified TAG was also tested against hexane. 
Significant courtship and copulation aversion was only observed 
towards females perfumed with the esteried TAG (Fisher’s exact test, 
n=21, p= 0.00363 for both courtship and copulation). Behenic acid is a 
C22:0 fatty acid, and trans-2-pentenoic is a C5:1 fatty acid. *: p<0.01. 
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5.3.2 Sensory organs detecting TAGs 
 Previous results show that intact TAG molecules are detected 
instead of the hydrolyzed side chains. To identify the class of receptors 
for TAGs, I investigated which sensory modality is used to detect 
TAGs. Drosophila pheromones are typically perceived through the 
olfactory or gustatory system, depending on the ligand’s volatility. 
Highly volatile pheromones are largely perceived via the olfactory 
organs consisting of antennae and/or maxillary palps. Higher molecular 
weight and low volatile compounds are perceived via parts of the 
gustatory system including the proboscis and foreleg segments T2-T5 
(with the exception of carbon dioxide which is detected by a 
heterodimer of gustatory proteins Gr21a and Gr63a in the antennae 
(Jones et al. 2006)). I hypothesized that if the sense organs that detect 
the TAGs are removed, the courtship deterrence response towards 
TAG-perfumed females should be eliminated. 
 
 Surgical removal of olfactory or gustatory organs was performed 
on male flies several days after eclosion, and at least two days before 
behavioural assays. In the choice assay, females were perfumed with 
synthetic (S)- 18:1/2:0/5:1 (TAG6c) or control hexane solvent. 
Removing the olfactory organs does not eliminate the male courtship 
aversion effect in the presence of TAG-perfumed females (Figure 
5.3.2). Removing parts of the taste sensing organs like the proboscis or 
the segments T2-5 of the foreleg tarsi similarly had no effect on the 
response to the pheromone (Figure 5.3.2). When both the foreleg tarsi 
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segments and proboscis were eliminated, courtship was drastically 
reduced in most trials (only 3 of 28 trials showed a low level of 
courtship from males), suggesting that the flies were severely injured or 
overall perception was impaired. When olfactory organs were removed 
together with the foreleg tarsi segments, the courtship preference was 
eliminated (7 out of 20 courted control females, and 4 courted TAG-
perfumed females; Figure 5.3.2), suggesting a loss of TAG detection or 
female aphrodisiac detection. In all of the experiments involving 
removal of gustatory organs, few males copulated regardless of 
whether the female was perfumed with TAGs 
 
 The sensory organs for TAG perception based on these surgical 
experiments are not conclusive since injury and the possibility of 
removing receptors mediating both attractive and aversive signals 
could eliminate courtship. Therefore, other methods of testing sensory 
neuron activation are required. 
 
Chapter 5- Sensing sex-specific TAGs 
 117 
0






































Figure 5.3.2 Courtship preference of sense organ-deficient males 
towards TAG-perfumed females.  
Surgical removal of too many sensory organs led to low levels of 
courtship. Therefore, the organs that are required to sense sex-specific 
TAGs is inconclusive. Illustrations show the organs that are removed. 
Red lines show where the parts are cut. Fisher’s exact test, ***: p< 
0.02; **: p<0.002; *: p<0.02. N=27; 28; 21; 21; 28; 28; 20, respectively 
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5.4 DISCUSSION 
 The courtship aversion response from males was only observed 
when specific stereoisomers were perfumed on females, which 
suggests that whole TAG molecules are detected. However, males 
suppressed courtship towards females perfumed with the esterified 
TAG (S)- 18:1/2:0/5:1 (TAG6c). Both the (R) and (S) enantiomers 
would be hydrolysed into the same fatty acid methyl esters which 
would cause a response. A plausible explanation for this is that there 
are enzymes on the female or on males that hydrolyze specific 
isoforms of TAGs. Males frequently tap and taste females to discern 
the mating status, which could allow for TAGs to be tasted and broken 
down in the proboscis. Otherwise, the males detect the fatty acid 
methyl esters that have been processed by enzymes on the females. 
Furthermore, there should be more than one type of enzyme, including 
enzymes specific to particular enantiomers, since courtship 
suppression is specific to a particular structural configuration for each 
regioisomer. In addition, the TAG regioisomers that are not produced 
naturally and yet cause courtship suppression could suggest the 
presence of unspecific enzymes. Alternatively, both TAG and fatty acid 
methyl ester molecules could be detected.  Exploiting two mechanisms 
of sensory detection by secreting different sex-specific TAGs that are 
metabolized and detected differently could prove to be more 
advantageous in preventing male-male competition. 
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 With respect to the site of TAG detection, the results from the 
surgical removal of sense organs experiments proved inconclusive. 
However, the notion that the receptors are present in both forelegs and 
proboscis is still favoured. TAGs are large and have low volatility, thus 
they are likely to be sensed by the gustatory sense organs. Future 
studies could explore TAG detection by identifying neuronal activation 
within olfactory or gustatory sensilla using single sensillum recordings; 
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 Research has shown that diet influences cuticular hydrocarbon 
synthesis. In D. arizonae and D. mojavensis, larval diet variations result 
in changes in adult cuticular hydrocarbons (Etges and Jackson 2001). 
The gut microbiota has been shown to influence many aspects of 
social behaviour and kin recognition both in insects and mammals. 
However, few studies have shown whether these behaviours were a 
result of the influence of gut microbes in pheromone synthesis. Mate 
choice can be altered and kin recognition can be eliminated by 
eradicating gut bacteria with antibiotics (Sharon et al. 2010, Lizé et al. 
2013). In one study, in addition to changes in mate choice, treating the 
flies with antibiotics also caused a reduction in cuticular lipids (Sharon 
et al. 2010). Gut bacteria in larvae have also been shown to be 
important in synthesis of attractive odours. Food that had been 
occupied by microbe-free larvae did not attract other larvae when it 
normally would (Venu et al. 2014). In addition, in mammals, bacteria in 
scent-marking pastes of spotted hyenas are responsible for 
pheromones involved in clan member recognition (Theis et al. 2012). In 
these examples, the associated behavioural effects are largely caused 
by gut bacteria through changes in pheromone synthesis. With such a 
habitat niche, the desert-adapted species could also possibly rely 
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heavily on specialized microbes that dwell in these substrates. Besides 
affecting pheromone synthesis, studies have also indicated that gut 
bacteria can affect the levels of brain neurotransmitters, and have also 
shown that gut microbes produce neurotransmitters like tryptamine on 
their own that possibly influence behaviour (Heijtz et al. 2011, Williams 
et al. 2014). Thus, the gut bacteria have the potential to affect 
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6.2 MATERIALS AND METHODS 
6.2.1 Generation of germ-free flies 
Eggs collected from D. arizonae were first rinsed in phosphate buffered 
saline (PBS) containing 0.05% Tween 80 to remove food residue. 
Then, the eggs were washed with 50% bleach (commercial brand 
containing 5% hypochlorite) for 5 min in autoclaved 1.5 mL 
polypropylene tubes under a cell culture hood. Three washes with 
Tween 80- containing PBS were done to remove all the bleach. The 
germ-free eggs were then pipetted into previously-autoclaved 50 mL 
polypropylene tubes containeng sterile fly food. The tubes were kept 
under the hood until the PBS solution had mostly evaporated before 
capping loosely with autoclaved cotton plugs and the tube caps. After 
flies have eclosed, five flies from each condition were homogenized 
and plated onto MRS (Lactobacillus growth medium developed by de 
Man, Rogosa and Sharpe) plates to ensure that gut bacterial conditions 
were met- presence of gut bacteria under normal conditions, and 
absence in germ-free conditions. 
 
6.2.2 Phylogenetic analysis 
The phylogram was generated using Mesquite 2.75 (Maddison and 
Maddison 2001).  Distances and primary diets were based on previous 
studies (Throckmorton 1975, Lemeunier et al. 1986, Spicer 1991, Jeffs 
et al. 1994, Russo et al. 1995, Powell 1997, Shoemaker et al. 1999, 
Remsen and O'Grady 2002, Gao et al. 2007, Reed et al. 2007, Routtu 
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2007, Flores et al. 2008, McDermott and Kliman 2008, Oliveira et al. 
2012, Curtis et al. 2013). 
 
6.2.3 RNASeq analysis 
RNA from about 100 immature 1 day old and mature 8 day old 
ejaculatory bulbs of D. arizonae and D. mojavensis that had been 
raised on the cactus-banana-supplemented food was collected. 
Sequencing was done with the Illumina Hiseq 2000 platform. Mapping 
of reads and analysis of differential expression were done with both 
TopHat/Cufflinks tool and CLC Genomics Workbench 7.0 (CLC Inc, 
Aarhus, Denmark). Functional annotation of the genes was done with 
the DAVID Bioinformatics Resources tool on 
http://david.abcc.ncifcrf.gov/home.jsp (Da Wei Huang and Lempicki 
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6.3 RESULTS 
6.3.1 Diet and microbes in cuticular hydrocarbon synthesis 
6.3.1.1 Sex-specific TAG-producing species are commonly found 
to be associated with toxic food substrates 
 Diet can influence the production of cuticular hydrocarbons, 
possibly through the availability of precursor compounds (Etges and 
Jackson 2001). Gut microbiome can also influence mating choice and 
pheromone profiles (Sharon et al. 2010). On inspection of the species 
that produce male-specific TAGs, I found that these species tend to 
subsist on toxic substrates that have high bacterial/fungal load, like 
slime flux and fungal rot (Figure 6.3.1).  
fermenting cacti diet
fermenting fruits and plants diet
fermenting fungi diet
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Figure 6.3.1 Male-specific TAG expression is broadly conserved 
across the Drosophila subgenus that normally subsist on toxic 
substrates.  
The primary diets of each species are indicated, based on previous 
studies. Branches for TAG-producing species are colored in red. 
Branch lengths are proportional to evolutionary time. *:Evidence for 
TAG-expression is based on Curtis et al., 2013. 
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6.3.1.2 Short-term changes in diet resulted in alterations in 
quantities of sex-specific TAGs 
 I hypothesised that the synthesis of sex-specific TAGs might be 
related to diet and/or the gut microbiome. First, I determined the 
contribution of diet to TAG production by raising flies on standard fly 
media for 2 generations vs media supplemented with cactus powder 
and banana. Thin layer chromatography of the lipid contents of 
ejaculatory bulbs indicated that males raised on standard media 
produced a significantly lower amount of some of the sex-specific 
TAGs, including m/z 559 [M + K]+, one of the most abundant molecules 
(Figure 6.3.2). The results show that although a specialized diet is not 
essential for sex-specific TAG production, precursors derived from food 

















males on cactus-banana food






ejaculatory bulbs from males 
on standard food
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Figure 6.3.2 Short term changes in diet changes the quantity of 
sex-specific TAGs. 
(A) TAGs from individual ejaculatory bulbs of males raised on standard 
fly food (n=10) or cactus-banana supplemented food (n=9) for two 
generations were quantified using direct tissue thin layer 
chromatography. Each lane contains a single bulb. c: control band 
(point of origin) used for normalization; f2 and f3: fractions containing 
sex-specific TAGs. 
(B) The amount of TAGs in f3 from ejaculatory bulbs of males raised on 
standard food is significantly lower than supplemented food conditions 
(Student’s t-test, two-tailed, p=0.0016). TAGs found in f2 were not 
significantly different (p=0.062).  Error bars indicate SEM. **: p<0.005; 
ns: not significant; a.u.: arbitrary units. 
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6.3.1.3 Elimination of gut bacteria resulted in overall reduction in 
cuticular hydrocarbons and sex-specific TAGs 
Next, in order to test if long-term changes in diet or changes in gut 
microbiome affected cuticular hydrocarbon profiles, I raised D. arizonae 
flies for more than 10 generations in standard fly food media or the 
usual cactus and banana-supplemented food.  In addition, from each 
condition, I generated gut microbe-free (germ-free) flies and compared 
cuticular hydrocarbon profiles to flies raised in the same food 
conditions containing microbes. Five flies from each condition were 
homogenized and plated onto MRS plates to ensure that gut bacterial 
conditions were met- presence of gut bacteria under normal conditions, 
and absence in germ-free conditions. GCMS analysis of cuticular lipids 
extracts revealed that dietary changes have no significant differences 
on most cuticular hydrocarbon species (Figure 6.3.3A & B), with the 
exception of 9,25-pentatricontadiene (in females, Figure 6.3.3B), 
suggesting none or little change to hydrocarbons in the long term. 
However, comparing within each food condition, germ-free conditions 
significantly reduced abundance of the higher molecular weight 
hydrocarbons (Figure 6.3.3A & B). No strict reduction in a particular 
class of compounds were observed- alkanes, alkenes, and dienes 
were found to all have been reduced. To analyse changes in sex-
specific TAG levels, ejaculatory extracts from males of each condition 
were treated with methanolic-HCl, which transesterifies TAGs into their 
fatty acid methyl ester moieties. The products could then be detected 
by the GCMS instrument. Similar to the cuticular hydrocarbon results , 
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there were no significant differences in fatty acid methyl ester levels 
owing to a change in diet alone (Figure 6.3.3C),. However, significant 
changes were observed when microbial content was altered.  Flies 
raised on a diet supplemented with cactus powder and banana in 
germ-free conditions exhibited significantly reduced levels of methyl 
oleate and methyl palmitoleate (Figure 6.3.3C). Similarly, flies raised 
on germ-free standard fly food conditions contained significantly 
reduced methyl oleate levels (Figure 6.3.3C). Although not statistically 
significant, levels of methyl palmitate and methyl palmitoleate (under 
standard diet conditions) were also reduced in the germ-free conditions 
(Figure 6.3.3C). These results suggest that microbes are crucial to the 
production of TAGs containing oleic acyl, palmityl acyl, and palmitoleyl 
moieties; namely, m/z at 559 and 519; 533; and 531 [M+K]+, 
respectively. Alternatively, these differences could be due to changes 





Chapter 6- Influence of diet and gut bacteria on sex-specific TAG 







































































































































































































































































































































































































Figure 6.3.3 Cuticular hydrocarbons and sex-specific TAG 
reductions in germ-free flies. 
Cuticular hydrocarbons detected by GCMS on (A) males and (B) 
females after being fed on different diets. Significant reductions in the 
higher molecular weight hydrocarbons were observed in germ-free 
conditions. Std gf: flies on standard diet without microbes (germ-free); 
std: flies on standard diet with microbes; cact gf: flies on cactus-
supplemented food without microbes; cact: flies on cactus-
supplemented food with microbes. Error bars indicate standard 
deviation. Two-way ANOVA, N=3 for each condition. *: p<0.02; **: 
p<0.005; ***: p<0.0001. 
(C) Transesterified products from ejaculatory bulb extracts showing 
reductions in TAGs containing oleic acyl, palmityl acyl, and palmitoleyl 
moieties. Significant reductions were observed for methyl palmitoleate 
in cactus-fed germ-free vs non-germ-free (Two-way ANOVA, n=7 and 
n=6 respectively, p=0.0033), and methyl oleate in standard-fed germ-
free vs non-germ-free (n=4 for both conditions, p=0.0005) and cactus-
fed germ-free vs non-germ-free (n=7 and n=6 respectively, p<0.0001). 
**: p<0.005; ***: p<0.0001. 
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6.3.2 RNAseq analysis using TopHat/Cufflinks and CLC Genomics 
Workbench revealed candidate genes in sex-specific TAG 
biosynthetic pathway 
In order to find the metabolic pathways and genes involved in 
the processing of sex-specific TAGs, I dissected immature (1 day old) 
and mature (8 days old) ejaculatory bulbs from male D. mojavensis and 
D. arizonae, and carried out RNAseq analysis. TopHat and Cufflinks 
were used to map the reads onto the D. mojavensis genome and test 
for differential expression respectively. The genome for D. arizonae 
has not been sequenced. However, because the two species are 
closely related, we mapped the D. arizonae data set onto the D. 
mojavensis genome. Cufflinks and TopHat analyses of differential 
transcript expression levels revealed a list of 140 significantly 
upregulated or downregulated genes with P value less than 0.001. The 
list was subjected to classification based on gene function and 
ontology. At this stringency, a large proportion of the genes, 
contributed by significantly downregulated genes, consisted of mainly 
chitin-related and DNA replication-related genes. I predicted that genes 
related to the sex-specific TAG production would be up-regulated as 
the males mature since TAGs are observed from 4 days old. In order to 
analyse the up-regulated genes and predict their homologs and 
functions, I performed a BLAST search on genes whose expression 
were significantly up-regulated. Most upregulated genes have D. 
melanogaster homologs, although some have not shown to have any 
predicted function. The downregulated genes were less interesting 
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since they are all chitin- and DNA synthesis- related genes, indicating 
high cell growth and developmental rate in younger males. Within the 
upregulated genes, I found genes related to lipid metabolism, stress 
response, immune response, and detoxification (Table 6.3.1). These 
genes indicate that conventional lipid or TAG metabolism pathways 
could be utilized to produce the uniquely structured sex-specific TAGs. 
Moreover, oxidoreductases like cytochrome P450s were found. 
Cytochrome P450s are a superfamily of proteins that have been 
implicated in detoxification, such as enabling mycophagous Drosophila 
to live on toxic mushrooms (Jaenike et al. 1983), and causing 
insecticide resistance in mosquitoes (Nikou et al. 2003). Drosophila 
arizonae and D. mojavensis live on decaying cacti that have high 
bacterial load which may be toxic to other non-specialized species. 
Therefore, finding cytochrome P450 genes could suggest a relationship 
between sex-specific TAG production and dietary shifts and 
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Table 6.3.1 List of upregulated genes in mature ejaculatory bulbs 
of D. arizonae and D. mojavensis and their predicted functions 
analysed by TopHat/Cufflinks and DAVID bioinformatics 








Lipid metabolism, pheromone biosynthesis, expressed in male accessory gland 
Dmoj_GI23381 12.8234 CG17097 lipase activity; triglyceride lipase activity. 
Dmoj_GI20954 3.51742 CG17323 Expressed in male accessory gland, behavior defective 
Dmoj_GI20802 5.72969 CG9394 
phosphoric diester hydrolase activity;  
starch binding.lipid metabolic process. Expressed in adult male accessory gland. 
Dmoj_GI17858 9.91667 CG14034 
phospholipase activity;  
carboxylic ester hydrolase activity. Expressed in adult male accessory gland. 
Dmoj_GI19768 3.98365 wunen-2 (wun2) 
lipid transporter activity; lipid phosphatase activity;  
phosphatidate phosphatase activity. 
germ cell development; dephosphorylation;  
Dmoj_GI22472 7.4992 esterase (Est-6) 
carboxylic ester hydrolase activity.pheromone biosynthetic process;  
sperm storage; Expressed in adult hindgut; adult testis. 
Dmoj_GI21460 7.86029 CG18031 fatty-acyl-CoA reductase (alcohol-forming) activity. 
Dmoj_GI11692 7.78301 CG4968 ubiquitin-specific protease activity.adult male accessory gland 
Dmoj_GI22473  
/ GI22474 6.24668 
esterase (Est-6) 
putative pseudogene 
carboxylic ester hydrolase activity.pheromone biosynthetic process;  
sperm storage; Expressed in adult hindgut; adult testis. 
Dmoj_GI19571 5.0395 
P-glycoprotein (MdR 
49) Drug transmembrane transport. Expressed in male accessory gland 
Dmoj_GI16837 7.09696 seminase (Sems) 
serine-type endopeptidase activity;  
endopeptidase activity. Expressed in adult male accessory gland. 
Dmoj_GI21544 3.6454 CG1444 steroid dehydrogenase activity. 
Dmoj_GI21174 6.79189 CG33680 hormone binding. 
Dmoj_GI24307 5.17837 CG17189 Haemolymph juvenile hormone binding. 
 
Detoxification, oxidoreductase, immune and stress response 
Dmoj_GI11123 6.12554 cytochrome P450-4g1 Oxidoreductase activity 
(Cyp4g1) 
Dmoj_GI14885 5.10215 CG6770 response to oxidative stress 




L-DOPA monooxygenase activity; dopamine monooxygenase activity. 
defense response to fungus; melanotic encapsulation of foreign target;  
defense response to Gram-positive bacterium;  
melanization defense response; dopamine metabolic process. 
Dmoj_GI18033 4.08441 croquemort (crq) scavenger receptor activity.immune system process; 






(Odc1) ornithine decarboxylase activity. 
Dmoj_GI21063 4.25263 CG3790 carnitine transmembrane transporter activity. 
Dmoj_GI22347 6.05283 SP1029 
metallopeptidase activity; zinc ion binding;  
aminopeptidase activity. 
Dmoj_GI23067 3.65263 CG9427  
Dmoj_GI18583 4.53711 veil (veil) 5'-nucleotidase activity; metal ion binding; nucleotide binding. 




protein 71B (Zip71B) Metal ion transmembrane transporter 
Dmoj_GI10070 6.18136 CG6432 acetate-CoA ligase activity. 
Dmoj_GI15081 4.84555 
hexosaminidase 2 
(Hexo2) beta-N-acetylglucosaminidase activity; beta-N-acetylhexosaminidase activity. 
Dmoj_GI10643 5.20225 CG9717 high-affinity sulfate transmembrane transporter activity. 
Dmoj_GI23275 6.86056 CG6074 carbonate dehydratase activity; zinc ion binding. 
Dmoj_GI12200 3.93015 
acetyl coenzyme A 
synthase (AcCoAS) acetyl coenzyme A synthase 
!
Dmoj_GI18056 3.82062 CG8891 nucleoside-triphosphate diphosphatase activity. 
Dmoj_GI18528 4.44468 CG9864 high-affinity inorganic phosphate:sodium symporter activity. 
Dmoj_GI23068 6.87769 CG13318 Trypsin-like cysteine/serine peptidase domain. 
Dmoj_GI13615 7.37833 CG32191 
Alkaline phosphatase-like, alpha/beta/alpha;  
Alkaline-phosphatase-like, core domain; Sulfatase; Sulfatase, conserved site. 
Dmoj_GI17825 5.49578 CG14191 unknown 
Dmoj_GI11989 7.7533 CG4597 unknown 
Dmoj_GI24593 4.60023 CG14329 unknown 
Dmoj_GI16370 5.4208 CG4666 unknown 
Dmoj_GI11725 5.06547 CG13699 unknown 
Dmoj_GI18937 5.32165 CG10307 unknown 
Dmoj_GI16625 7.02617 CG7201 unknown 
Dmoj_GI20988  
/ Acp2 9.73327 - Accessory gland protein 
Dmoj_GI24113 5.73581 -  
Dmoj_GI18671 4.81121 -  
Dmoj_GI13596 5.83181 -  
Dmoj_GI18610 4.74757 -  
Dmoj_GI11629 8.02251 -  
Dmoj_GI10496 3.33267 -  
Dmoj_GI11436 4.93604 -  
Dmoj_GI24780 3.73888 -  
Dmoj_GI18670 4.02669 -   
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 Different processing methods and analysis software could give 
additional alternative results due to the different statistical tools. I used 
the CLC Genomics Workbench tool to analyse the data. Over 60% of 
up to 48 million reads were mapped in each condition and the 
mismatch cost used for mapping was set to 2. Using this tool, I lowered 
the stringency to P value less than 9.79E-7 (Baggerley’s test based on 
beta-binomial distributions and accounts for over-dispersion in the 
gene count data) to include about 479 genes up-regulated in the D. 
arizonae dataset and 541 genes in the D. mojavensis dataset. The P 
value was chosen to allow an approximate number of 500 genes to be 
analysed for their related functions and biosynthetic pathways. 
Submitting the lists to the online DAVID gene ontology and functional 
annotation tools clustered the genes into a total of 46 and 42 functional 
annotation clusters for D. arizonae and D. mojavensis respectively. A 
table of the top clusters of enrichment scores 0.99 and above is shown 
in Table 6.3.2. The clusters annotated with blue asterisks in the table 
indicates the gene functions that are of interest and have also been 
highly up-regulated in the TopHat/ Cufflinks analysis.  
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Table 6.3.2 Upregulated genes found from CLC Genomics 
Workbench software fall into these enriched functional clusters. 
 
Gene counts: number of genes that fall into that functional category. 
Enrichment scores: a score on whether the total set of genes is highly 
associated with certain terms, which is statistically measured by 
Fisher’s exact test. 
Blue asterisks indicate functional clusters of interest that were similar to 
analysis by TopHat/Cufflinks. 
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 Combining the genes in these top clusters in both sets of data 
revealed 89 genes in common. There were only 7 genes that were 
identical in this list and the list of genes found using the 
TopHat/Cufflinks method (indicated with an asterisk, Table 6.3.3). 
Dmoj_GI13596 has predicted oxidoreductase activity and its D. 
melanogaster homolog has been found to be expressed in male 
accessory gland. The D. melanogaster homolog of Dmoj_GI11123 is a 
cytochrome P450, Cyp4g1, which is implicated in lipid synthesis in the 
oenocytes (Qiu et al. 2012). The knockdown of Cyp4g1 leads to flies 
that are deficient in cuticular hydrocarbons. Similarly, the knockdown of 
the homolog of Dmoj_GI21544, steroid dehydrogenase CG1444, 
causes elimination of cuticular hydrocarbons (Chiang YN, 
unpublished). Dmoj_GI24307 and Dmoj_GI21174 have predicted 
hormone binding ability. Dmoj_GI20802 could be involved in 
triacylglyceride homeostasis, and Dmoj_GI19427 has dopamine 
monooxygenase activity involved in fungal immune defense response. 
Of note, similar to using the TopHat/Cufflinks analysis, genes related to 
cytochrome P450s were also identified using the CLC Genomics 
Workbench software. Therefore, these detoxifying enzymes are an 
important class of proteins implicated in the synthesis of sex-specific 
TAGs, suggesting that the synthesis of these unique TAGs might be 
related to their ability to subsist on toxic substrates such as rotting 
cacti. 
 
Chapter 6- Influence of diet and gut bacteria on sex-specific TAG 
synthesis; and possible pathways involved in synthesis 
 135 
 These bioinformatics analyses give indications of candidate 
genes that are involved in the biochemical pathways of TAG synthesis. 
Further confirmation of gene expression by qPCR is required.   
 
Table 6.3.3 List of upregulated genes in D. arizonae and D. 
mojavensis analyzed by CLC Genomics Workbench. 
Gene name Drosophila melanogaster homolog Function 
 
Oxidoreductase activity 
Dmoj_GI22592 CG6045, aldehyde oxidase 3 (AOX3) oxidoreductase activity 
Dmoj_GI22591 CG6045, aldehyde oxidase 3 (AOX3) oxidoreductase activity 
Dmoj_GI22594 CG18522, aldehyde oxidase 1 (AOX1) oxidoreductase activity 
Dmoj_GI22332 CG7601 oxidoreductase activity 
Dmoj_GI24262 CG7675 oxidoreductase activity 
Dmoj_GI24131 CG31472 oxidoreductase activity 
Dmoj_GI10766 CG13833 oxidoreductase activity 
Dmoj_GI21511 CG7280 oxidoreductase activity 
Dmoj_GI22115 CG18749 oxidoreductase activity. Expressed in male accessory gland 
Dmoj_GI19943 CG5590 oxidoreductase activity. Expressed in male accessory gland 
*Dmoj_GI13596 CG18749 oxidoreductase activity. Expressed in male accessory gland 
Dmoj_GI13594 CG18233 oxidoreductase activity. Expressed in male accessory gland 
Dmoj_GI11166 CG3603 oxidoreductase activity 
Dmoj_GI16577 
endoplasmic reticulum oxidoreductin-1-like 
(Ero1L) oxidoreductase activity 
Dmoj_GI14598 CG1998 oxidoreductase activity 
Dmoj_GI10765 CG13833 oxidoreductase activity 
Dmoj_GI12099 CG7461 oxidoreductase activity 
Dmoj_GI24064 CG3397 oxidoreductase activity 
Dmoj_GI11853 CG5946 oxidoreductase activity; inter-male aggressive behavior 
Dmoj_GI17496 CG9527 
acyl-CoA dehydrogenase activity, fatty acid beta-oxidation.  
Expressed in male accessory gland 
Dmoj_GI11209 
peroxisomal malfunctional enzyme type 2 
(Mfe2) 
oxidoreductase activity. Fatty acid beta-oxidation.  
Expressed in male accessory gland 
Dmoj_GI17168 CG10639 oxidoreductase activity 
Dmoj_GI18694 Cyp4e3 oxidoreductase activity. Expressed in male accessory gland 
Dmoj_GI17558 Cyp28a5 oxidoreductase activity 
Dmoj_GI10931 Cyp18a1 & Cyp306a1 oxidoreductase activity 
*Dmoj_GI11123 Cyp4g1 
oxidoreductase activity. Expressed in oenocytes.  
Knockdown leads to flies deficient in cuticular hydrocarbons 
Dmoj_GI19806 Cyp6u1 oxidoreductase activity 
Dmoj_GI11531 cytochrome P450 reductase (Cpr) 
  
Pheromone, hormone biosynthetic pathway 
*Dmoj_GI21544 CG1444 steroid dehydrogenase activity 
Dmoj_GI10484 desaturase 1 (desat1) stearoyl-CoA-9-desaturase activity 
Dmoj_GI10085 CG13618 juvenile hormone binding 
*Dmoj_GI24307 CG17189 juvenile hormone binding 
Dmoj_GI16254 CG2650 juvenile hormone binding 
Dmoj_GI22505 CG14661 juvenile hormone binding 
*Dmoj_GI21174 CG33680 hormone binding 
Dmoj_GI23925 takeout (to) hormone binding; male courtship behavior 
Dmoj_GI17248 CG10268 isoprenoid biosynthetic process 
Dmoj_GI21943 CG5919 hydrolase activity. Isoprenoid biosynthetic process 
Dmoj_GI19067 CG33671 isoprenoid biosynthetic process 
Dmoj_GI12688 CG10585 terpenoid synthase 
 
Triglyceride metabolism pathway 
Dmoj_GI10501 CG6188 glycine N-methyltransferase activity. Triglyceride homeostasis 
Dmoj_GI18529 CG11208 
oxalyl-CoA decarboxylase activity; fatty acid alpha-oxidation.  
Expressed in male accessory gland 
Dmoj_GI20817 fatty acid 2-hydroylase (fa2h) 
 Dmoj_GI24087 CG8199 dehydrogenase. Fatty acyl-CoA biosynthetic process 
Dmoj_GI18118 CG17597 acetyl-CoA C-acyltransferase activity 
Dmoj_GI23458 CG12268 fatty-acyl-CoA reductase 
Dmoj_GI15420 CG10932 
acetyl-CoA C-acyltransferase activity. Fatty acid biosynthetic process.  
Expressed in male accessory gland   
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Table 6.3.3 (cont’d) List of upregulated genes in D. arizonae and 
D. mojavensis analyzed by CLC Genomics Workbench. 
*Dmoj_GI20802 king tubby triglyceride homeostasis 
Dmoj_GI12250 CG12262 acyl-CoA dehydrogenase activity, fatty acid beta-oxidation. 
Dmoj_GI18255 CG17691 
3-methyl-2-oxobutanoate dehydrogenase activity.  
Fatty-acyl-CoA biosynthetic process. 
Dmoj_GI10520 CG3523 acyl transferase 
 
Others. Expressed in male accessory gland 
Dmoj_GI22608 CG6950 pyridoxal phosphate binding. Expressed in male accessory gland 
Dmoj_GI16768 CG7979 coenzyme binding. Expressed in male accessory gland 
Dmoj_GI18831 CG8430 aspartate metabolic process. Expressed in male accessory gland 
Dmoj_GI10678 Sirt2 protein deacetylation. Expressed in male accessory gland 
 
Defense, stress response 
Superoxide dismutase 
[Cu-Zn] superoxide dismutase (Sod) antioxidant activity 
*Dmoj_GI19427 prophenoloxidase (PO45) dopamine monooxygenase activity. Defense response to fungus 
Dmoj_GI19287 prophenoloxidase 1 (PPO1) catechol oxidase activity. Defense response to fungus 
 
Others 
Dmoj_GI20647 larval serum protein 2 hemocyanin 
Alcohol 
dehydrogenase-1 Adh alcohol dehydrogenase 
Malic enzyme malic enzyme (Men) 
 Dmoj_GI13897 CG1271 carbohydrate kinase 
Dmoj_GI12540 glycerol kinase, isoform A glycerol kinase 
Dmoj_GI14566 glycerol kinase (Gk) 
 Dmoj_GI12707 glycerol kinase (Gk) 
 Dmoj_GI21004 Sphingosine-1-phosphate lyase Sphingosine-1-phosphate lyase 
Dmoj_GI13115 Ecdysone-induced protein 28/29kD (Eip71CD) 
 Dmoj_GI21317 CG3376 sphingomyelin phosphodiesterase activity 
Dmoj_GI10647 CG2118 biotin carboxylase activity 
Dmoj_GI14370 GIIIspla2 phospholipase A2 activity 
Dmoj_GI15248 CG1640 pyridoxal phosphate binding. 
Dmoj_GI13155 CG1140 3-oxoacid CoA-transferase activity. Ketone body catabolic process 
Dmoj_GI18778 CG11200, carbonyl reductase carbonyl reductase 
Dmoj_GI22276 glutamate dehydrogenase (Gdh) 
 Dmoj_GI14499 CG17036 reduced folate carrier activity 
Dmoj_GI12101 dual oxidase (Duox) peroxidase activity 
Dmoj_GI16073 phosphatidylinositol synthase (Pis) 
 Dmoj_GI13269 neural conserved at 73EF (Nc73EF) thiamine pyrophosphate binding 
Dmoj_GI20976 sterol carrier protein X-related thiolase (ScpX) phospholipid transport 
Dmoj_GI18989 type III alcohol dehydrogenase (T3dh) 
 Alcohol 
dehydrogenase-2 Adh alcohol dehydrogenase 
Dmoj_GI19921 HMG coenzyme A synthase (Hmgs) 
 Dmoj_GI19798 aldehyde dehydrogenase type III (Aldh-III) 
 Glucose-6-phosphate 
1-dehydrogenase glucose-6-phosphate 1-dehydrogenase (G6pd) 
 Methylenetetrahydrofol
ate reductase/Malate 
dehydrogenase - Methylenetetrahydrofolate reductase/Malate dehydrogenase 
Dmoj_GI19872 - 
 Dmoj_GI19074 - 
 Dmoj_GI16896 - 
 !  




Sex-specific TAGs found on desert-adapted drosophilids are the 
first examples of natural products bearing combinations of branched 
and linear fatty acyl side chains. Conventional naturally-occurring 
TAGs found in plant oils and animal fat typically consist of linear fatty 
acyl moieties that have 16, 18, or 20 carbons. While medium and short 
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chain fatty acyls have been found in TAGs from, respectively, whale 
blubber (Litchfield et al. 1971) and bovine milk fat (Breckenridge and 
Kuksis 1968), they are only in combination with linear, even-numbered 
carbon acyls. In contrast, sex-specific TAGs from flies exhibit an 
unusual combination of short and long chain acyl components with odd 
and even numbers of carbons. To what extent can these 
unconventional structures be attributed to diet? Previous and current 
work has shown that altering the diet of desert-adapted flies results in a 
quantitative change in hydrocarbons and sex-specific triglycerides 
(Toolson et al. 1990, Etges and Jackson 2001, Etges et al. 2009, Yew 
et al. 2011). By contrast, my study using standard fly food and cactus-
supplemented food showed no differences between food conditions in 
the long term. The difference between both studies could be attributed 
to the dissimilarity in making the cactus food- Etges et. al. reared flies 
using cactus rot whereas I have used dried cactus powder. The drying 
process could have killed much of the natural microbes that would 
contribute precursors to the synthesis of the TAGs. The addition of the 
cactus powder to standard fly food contributed to better survival 
however, indicating that the cactus powder provides additional 
nutrients for development despite being free of natural microbes from 
the plant.  
 
In recent years, the study of gut microflora and its influence on 
behaviour and physiology has been the topic of intense study. From 
insects to mammals, the makeup of the bacterial populations in the gut 
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have been proposed to affect mate choice in Drosophila, influence 
anxiety-like behaviour, and affect obesity in mice (Turnbaugh et al. 
2006, Sharon et al. 2010, Heijtz et al. 2011). So far, few studies have 
shown a relationship between gut microflora and pheromone synthesis. 
A study in locusts has shown the influence of gut bacteria and 
aggregation pheromone synthesis (Dillon et al. 2002). Sharon et al., 
2010, found that cuticular hydrocarbons are reduced in D. 
melanogaster when flies are treated with antibiotics. To prevent 
residual effects from the ingestion of antibiotics, I have raised flies 
grown from germ-free eggs, kept them under germ-free conditions, and 
assessed their hydrocarbon profiles. Similar to the previous study, 
germ-free flies have reduced levels of cuticular hydrocarbons and sex-
specific TAGs containing palmitoleyl, palmityl, and oleyl acyl moieties, 
stressing the importance of microbes on pheromone synthesis. Future 
studies can isolate bacterial species that contribute to different aspects 
of pheromone synthesis by replacing individual species back into germ-
free animals and observing the profile changes.  
 
Many of the substrates on which the drosophilids subsist and 
oviposit contain compounds that can be toxic for other animals. For 
example, desert-adapted D. arizonae and D. mojavensis feed on 
fermenting cacti, which has high levels of triterpene glycosides, 
medium chain fatty acids, and sterol diols, compounds which can serve 
as toxic plant defense chemicals (Fogleman and Danielson 2001). 
Similarly, D. subquinaria and D. recens are found exclusively on 
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mushrooms that are rich in secondary metabolites and fatty acids in a 
variety of lengths, from 4 - 26 carbons (Pedneault et al. 2008, Wandati 
et al. 2013) but also contain high levels of toxic compounds like α-
amanitin (Jaenike et al. 1983, Courtney et al. 1990). Slime fluxes, on 
which D. virilis and D. robusta can be found, have large bacterial 
communities that can be inhospitable to other drosophilids (Carson and 
Stalker 1951, Powell 1997). Bacterial wetwood infections have been 
shown to produce acetate, butyrate, valerate, hexanoate, and 
propionate (Ward and Zeikus 1980), which could be directly 
incorporated into the TAGs or serve as precursors for branched or 
linear fatty acids, as has been observed for nitidulid beetles 
(Carpophilus spp) (Bartelt and Weisleder 1996).  
 
The ability of drosophilids that produce sex-specific TAGs to 
thrive on these specialized substrates alludes to the possibility that 
enzymes used for detoxification and immune defense response may 
have been adapted for TAG synthesis. From our RNASeq analysis, we 
identified many genes predicted to have oxidoreductase activity which 
is implicated in detoxification as well as branched fatty acid synthesis in 
bacteria (Oku and Kaneda 1988, van der Hoeven and Steffens 2000). 
Branched fatty acids in bacteria are derived from oxidoreduction and 
elongation of α-keto derivatives of leucine, valine, and isoleucine (Oku 
and Kaneda 1988). Of note, we identified several genes predicted to be 
homologs of cytochrome P450 monooxygenases that have been 
identified in other insects as playing a crucial role in detoxification as 
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well as cuticular lipid synthesis (Li et al. 2004, Qiu et al. 2012). 
Tolerance to α-amanitin in mycophagous Drosophila has been shown 
to require cytochrome P450s (Jaenike et al. 1983). In bark beetles, it 
has been suggested that a key cytochrome P450 enzyme used in 
pheromone synthesis was previously used for detoxification (Blomquist 
et al. 2010).  
 
A second pathway for TAG synthesis relies on de novo 
production of precursors. In this study, we have also identified many 
genes related to lipid and triglyceride metabolism which indicates that 
de novo TAG synthesis pathways are utilized. Each of the desert-
adapted drosophilids tested in this study are still able to produce TAGs 
despite being raised on germ- free standard laboratory fly media. Thus, 
desert-adapted drosophilids are capable of using precursors from the 
environment as well as synthesizing the components de novo. Based 
on these observations, we expect that lab-raised flies are likely to have 
quantitative differences in lipid profiles compared to natural populations 
because of the differences between the natural diet and a highly 
simplified lab diet. Both pathways for precursor synthesis are used by 
numerous Coleoptera beetle species for the production of aggregation 
pheromones (Tillman et al. 1999). The ability to utilize different 
production pathways may enable insects to switch host plants while 
preserving conspecific signalling. Elucidation of the biochemical 
pathways underlying TAG synthesis is needed to better understand 
whether dietary sequestration or de novo production is preferentially 
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used by desert-adapted drosophlids and to determine the ancestral 
state of TAG production. 
 
Alternatively, since the long OAcs are also produced in the 
ejaculatory bulb, some of the differentially expressed genes are most 
likely involved in the synthesis of these compounds too. Acetate 
pheromones have been shown to be biosynthesized from fatty acid 
precursors, such as the synthesis of (Z,E)-9,12-tetradecadienyl acetate 
from palmitic acid in moths (Jurenka 1997). The fatty acid precursors 
could be gotten from the diet or from the breakdown of internal TAGs 
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Table 8.1 The cuticular hydrocarbons observed in the anogenital 
regions of D. arizonae and D. mojavensis (modified from Yew et. 
al., 2011).  












Table 8.1 (cont’d). The cuticular hydrocarbons observed in the 
anogenital regions of D. arizonae and D. mojavensis (modified 
from Yew et. al., 2011).  
 
1 Nomenclature of compounds is as such: the number of carbons 
atoms followed by the number of double bonds in the hydrocarbon 
chain;  TG: triacylglyceride. 
2 The relative abundance of each hydrocarbon calculated as a ratio of 
total area of all hydrocarbon peaks detected: ++++: >10%; +++: 5-10%; 
++: 1-5%; +: <1%; n/d: not detected. 
† Compound transferred to females during copulation. 
 
